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FUSING PORPHYRINS WITH POLYCYCLIC
AROMATIC HYDROCARBONS AND
HETEROCYCLES FOR OPTOELECTRONIC
APPLICATIONS

CROSS-REFERENCE TO RELAT
APPLICATIONS

gs
w

This application claims the benefit under 35 U.S.C. §119
(e) of U.S. Provisional Application Ser. No. 61/360,026, filed
on Jun. 30, 2010, the disclosure of which i1s imcorporated
herein by reference 1n 1ts entirety.

GOVERNMENT RIGHTS

This 1invention was made with United States Government
support under grant number W13P7T-08-C-P409 awarded by
the United States Department of Delfense; grant number
FA9550-10-1-0399 awarded by the Air Force Office of Sci-
entific Research; and grant number DE-SC0009577 awarded

by the United Stated Department of Energy. The government
has certain rights 1n the ivention.

PARTIES TO A JOINT RESEARCH AGR.

EMENT

L]

The claimed invention was made by, on behalf of, and/or in
connection with one or more of the following parties to a joint
university corporation research agreement: Regents of the
University of Michigan, Princeton University, University of
Southern California, Global Photonic Energy Corporation,
and Universal Display Corporation. The agreement(s) was 1n
effect on and before the date the claimed invention was made,
and the claimed invention was made as a result of activities
undertaken within the scope of the agreement(s).

TECHNICAL FIELD

The present disclosure relates to organic films for use in
organic electronic devices.

BACKGROUND

Porphyrins are one of the most important biological mol-
ecules essential for life and responsible 1n nature for such
oxidation-reduction reactions as photosynthesis in plants and
respiration 1n amimals. Synthetic porphyrins have broad
applications as useful opto-electronic materials in different
fields of organoelectronics, such as solar cells, photodetec-
tors, and as catalysts 1n a variety of reactions. Advantages of
using porphyrins as opto-electronic maternials include effi-
ciency of charge separation and charge transport even 1n thick
films of assembled porphyrins, strong absorbance 1n the vis-
ible region, high chemical stability, and ability to tune opto-
clectronic properties. However, there are some problems
associated with application of porphyrins in organoelectron-

ics. Porphyrins have a modest spectral overlap with solar
spectrum and the material preparation and 1solation 1s diffi-
cult. Additionally, fluorescence of porphyrinoids in the near
inirared (NIR) 1s quite rare. For a number of potential opto-
clectronic applications strong absorption in NIR spectral
region 1s desired. One of the approaches to get absorption in
NIR spectral region 1s by extending the size of m-conjugation
in the porphyrin system. The conjugation of porphyrins can
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2

be extended through several modes of substitution mnvolving
the (meso), (., (p,meso) and (3,meso, [3) positions. It has
been shown previously that some aromatic rings can be fused

with porphyrins 1 (3,meso) and (3,meso,3) modes. These
reactions require activation of porphyrin rings by metalation
with nickel(II) or activation of aromatic rings by multiple
alkoxy-substitution. Nickel(II) porphyrins have rapid decay
of the excited state due to mickel centered (d,d) quenching and
at the same time demetalation of such porphyrins does not
have synthetic potential since 1t requires harsh conditions not
suitable with the presence of alkoxy groups (lor example,
concentrated sulfuric acid). Nickel(Il) porphyrinoids have
not found any applications in photovoltaics and no emission
has been reported for such porphyrins containing nickel atom
or donor alkoxy groups. Additionally, this usually causes

difficulties with synthesis, and 1solation 1s possible only 1n
small amounts. One of the most limiting factors 1n use 1n
organoelectronics of many dernivatives of porphyrins with
extended conjugation 1s both their very low solubility and
inability to sublime.

Almost all porphyrins, phthalocyanines and subphthalo-
cyanines have a metal or heteroatom 1n the center. The ability
ol metals to coordinate with different ligands may provide a
new way to tune properties ol macrocycles and, thus, enhance
organoelectronic device performance. Literature data shows
that at least for some systems consisting of macrocycles such
supramolecular organization through coordination by metal
centers can enhance conductivity and charge transport.
Although coordination chemistry of metalated macrocycles
are very well established, application of this strategy to
change and improve optoelectronic devices with use of such
macrocycles as porphyrins, phthalocyanines, etc. still
remains unrealized.

SUMMARY

According to an aspect of the present disclosure, a com-
pound comprising a non-activated porphyrin fused with one
or more non-activated polycyclic aromatic rings or one or
more non-activated hetrocyclic rings 1s disclosed. In one
embodiment, the compound comprises a non-activated por-
phyrin fused with one or more non-activated polycyclic aro-
matic rings and has a formula selected from the group con-
s1sting of:

Formula 1
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-continued
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wherein M 1s two hydrogen atoms or any element selected
from the group consisting of Mg, Ca, Sr, Ba, Sc, Y, La, Ce, Ti,
Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Tr, Ni, Pd,
Pt,Cu,Ag,Au, Zn,Cd, Hg, Al, Ga, In, T1, S1, Ge, Sn, Pb, P, As,
Sb, B1, Pr, Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu, Th,
and U; wherein R, -R,, are independently selected from the
group consisting of electron donors and acceptors, such as
hydrogen, alkyl, fluoroalkyl, hydroxyvl, alkoxy, halo (Cl, Br,
I), chalcogens (S, Se, Te), mercapto group, amino, cyano,
alkenyl, alkynyl, and aryl; and each dotted arc 1s all possible
combinations of fused rings, both aromatic and unsaturated or
combination of both aromatic and unsaturated rings including
four, five, six, seven, eight, or nine-membered rings, and all
possible combination of fused heterocyclic rings with one or
more heteroatoms, including all possible combinations of all
heteroatoms 1n all possible arrangement.
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8

In another embodiment, the compound comprises a non-
activated porphyrin fused with one or more non-activated
heterocyclic rings and the compound, has a formula selected
from the group consisting of:

R,

N \ /¥
Rj> Ii‘? }-5—
Re 77 ]
Rl R2 R3 R4
Rz / %
o I\,
Rg Re R Re¢
Rl R2 R3 R.4

/ R7 }E'
X R T
R12 Rll Rm R9
e Ry 3;{15 R Ry R; Ry
‘11113 / \ TN N / x
— \ N N =
\M/ o R
35,
-
Ri2 R7 R¢™
R]ﬁ \ / / RS "'.,,h*_‘- L
Ri Rig Ro
Ri> R R; Rz Ry
) |
A
X / \ X
Rl[} RQ' Rg R? Rﬁ
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-continued
R4 R R, R;
X \ R4
O )
W/ O i
R  Ru Rjo Ro Rs B?'H

‘‘‘‘‘

wherein M 1s two hydrogen atoms or any element selected
from the group consisting of Mg, Ca, Sr, Ba, Sc, Y, La, Ce, Ti,
Nb, Ta, Cr, Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, N1, Pd,
Pt, Cu, Ag, Au, Zn, Cd, Hg, Al, Ga, In, T1, S1, Ge, Sn, Pb, P, As,
Sb, B1, Pr, Nd, Sm, Eu, Gd, Tbh, Dy, Ho, Er, Tm, Yb, Lu, Th,
and U; wherein R, -R, , are independently selected from the

group consisting of electron donors and acceptors, such as
hydrogen, alkyl, fluoroalkyl, hydroxyl, alkoxy, halo (Cl, Br,
I), chalcogens (S, Se, Te), mercapto group, amino, cyano,

alkenyl, alkynyl, and aryl, X 1s a heteroatom selected from the
tollowing list: O, S, Se, Te, N, P, As, S1, Ge, B; and each dotted
arc 1s all possible combinations of fused rings, both aromatic

and unsaturated or combinations of both aromatic and unsat-
urated rings including four, five, six, seven, eight, or nine-
membered rings, and all possible combinations of fused het-
erocyclic rings with one or more heteroatoms, mcluding all
possible combinations of all heteroatoms in all possible
arrangements.

According to an implementation of the present disclosure,

a process for fusing one or more non-activated, polycyclic
rings to a non-activated porphyrin core comprises heating a
quantity of precursor porphyrins to a fusion temperature 1n an
inert gas environment; holding the precursor porphyrins at the
fusion temperature for a predefined period of time until the
precursor porphyrins melt and form a mixture of fused por-
phyrins; cooling the mixture of fused porphyrins to room
temperature; and separating the mixture of fused, porphyrins
into various fused porphyrin compounds. Presumably, the
fusion takes places when the prophyrins are in the melted
phase. Thus, generally, the fusion temperature 1s above the

melting point of the precursor porphyrins.
The fusion of the non-activated porphyrins and one or more

non-activated polycyclic aromatic rings or non-activated het-
erocyclic rings 1s achieved by thermal fusion. These fused,
porphyrins are not available by using other methods reported
for similar fusion reactions 1n literature (FeCl,, FeCl/AgOTT,
Sc(OT1),/DDQ, DDQ, PhI(O11),/BF,0OEt,, (p-BrPh);NS-
bCl,, K/Na, F,TCNQ). Thermal fusion of one or more poly-
cyclic rings to a porphyrin core 1n meso,p fashion is carried,
out to obtain hybrid, structures containing distorted porphy-
rinring with annulated aromatic rings. This ring fusion causes
a significant distortion of the porphyrin away from planarity.
The non-planar structure leads to broadening and red shifting
ol absorption bands and an enhanced solubility 1n organic
solvents. Such meso, [} fused porphyrins represent a new fam-
1ly of dyes with strong absorption across the solar spectrum
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and emission 1n NIR region. Suitable substituted meso,[3 sub-
stituted porphryins also have significant absorption 1n both
the visible and NIR part of the spectrum. These materials

make excellent candidates for active materials 1n solar cells
and photodetectors, where strong absorption in the visible

and NIR are crucial. They also have significant benefits for
application in NIR light emitting diodes. Fusion of polycyclic
rings with a diprophyrin or porphyrin tape has been previ-
ously disclosed in the art, but fusion of polycyclic rings with
single porphyrin cores or fusion by thermal treatment without
activating agents have not been achieved previously. The

il

preparation and use effusing polycyclic aromatic hydrocar-

bons and heterocycles to porphyrins extend and broaden
absorption, and help to modily the solubility, crystallinity,
and film forming properties of pophyrins.

-

T'he method of the present disclosure enables fusion of
porphyrin rings to one or more polycyclic aromatic rings or
heterocyclic rings without activation of the porphyrin rings or
activation of the aromatic rings or heterocyclic rings.

According to another aspect of the present disclosure an
organic photosensitive device incorporating the fused por-
phyrin material disclosed herein and a method for fabricating
such organic photosensitive device are also disclosed. Such
organic photosensitive devices include photovoltaic devices
which convert light into photocurrent and thereby supply
clectrical power to a circuit and other embodiments such as
photodetectors, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates the synthesis of mono (ZnMFBPP), dou-
bly (ZnDFBPP) and quardruply (ZnQFTPP) fused pyrene-
porphyrins.

FIG. 2 shows the absorption spectra of ZnBPP, ZnMFBPP,
/ZnDFBPP 1n dichloromethane solution.

FIG. 3 shows the absorption spectra of ZnBPP, ZnMFBPP,
ZnDFBPP 1n the thin film.

FIG. 4 shows room temperature emission spectra of ZnM-
FBPP, ZnDFBPP 1n dichloromethane.

FIG. 5 shows the absorption spectra of ZnQFTPP 1n pyri-
dine solution and 1n the thin film

FIG. 6 illustrates the synthesis of ZnBTP and ZnFBTP.

FIG. 7 shows the absorption spectra of ZnBTP and ZnF-
BTP 1n dichloromethane solution and i the thin film.

FIG. 8 shows the JV characteristics for ZnDFBPP and
ZnPh2DFBPP in ITO/spin-cast porphyrin layer (100 A)/C,,
(400 A)YBCP (100 A)/ Al(1000 A) devices.

FIG. 8a shows the IV characteristics for ZnDFBPP 1n
ITO/ZnDFBPP(100 A)/C,, (400 A)/BCP (100 A)/Al(1000
A) devices. Conventional reference device using 400 A cop-
per phthalocyanine (CuPc) as donor layer and device using
spin-cast donor layer of ZnBPP with addition of 4,4"-bipyri-

dine also shown for reference.
FIG. 9 shows the EQE response for ZnDFBPP in I'TO/spin-

cast porphyrin layer(100 A)/C.,(400 A)/BCP (100 A)/Al
(1000 A) devices.

FIG. 9a shows the EQE response for ZnDFBPP 1n ITO/
donor layer(100 A)/C,,(400 AYBCP (100 A)Al(1000 A)
device, a reference device using 400 ACuPc as the donor
layer and another reference device using spin-cast donor layer
of ZnBPP with addition of 4,4'-bipyridine also shown for
reference.

FIG. 10 shows the EQE response for in situ generated by
thermal annealing at 530° C. ZnQFTPP i ITO/porphyrin
(100 A)/C,,(400 A)/BCP (100 A)/Al(1000 A) devices.
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FIG. 11 shows the IV characteristics for ZnFBTP in I'TO/
porphyrin(100 A)/C.,(400 A)YBCP (100 A)Al(1000 A)
devices.

FIG. 12 shows the EQE response for ZnFBTP i ITO/
porphyrin(100 A)/C.,(400 AYBCP (100 A)/Al(1000 A)
devices.

FI1G. 13 illustrates the synthesis of cyanophenyl porphyrin
dimer,

FI1G. 14 1llustrates the synthesis of pyrene porphyrin trimer.

FIG. 15 shows the UV/VIS spectra of ZnBTP, cyano-phe-
nyl porphyrin dimer and pyrene porphyrin trimer 1n the thin
{1lm.

FIG. 16 shows the IV characteristics for cyano-phenyl
porphyrin dimer in ITO/porphyrin(100 A)/C.,(400 A)Y/BCP
(100 A)/A1(1000 A) devices.

FI1G. 17 shows the JV characteristics for pyrene porphyrin
trimer in ITO/porphyrin(75 A)/C,,(400 AYBCP (100 A)/Al
(1000 A) devices.

FIG. 18 shows the JV characteristics for bis-pyrene por-
phyrinin ITO/porphyrin(100 A)/C,(400 A)/BCP (100 A)/Al
(1000 A) devices.

FIG. 19 shows the IV characteristics for ZnBTP in ITO/
porphyrin(100 A)/C,.,(400 AYBCP (100 A)/Al(1000 A)
devices.

FIG. 20 shows the JV characteristics for diphenyl porphy-
rin in ITO/porphyrin(100 A)/C,,(400 A)YBCP (100 A)/Al
(1000 A) devices.

FIGS. 21(a)-21(p) show the various basic structures of

porphyrins fused with polycyclic aromatic hydrocarbons
according to an embodiment.

FIGS. 22(a)-22(u) show the basic structures of additional
aromatic hydrocarbons that can be fused with porphyrins:
acenathphylene (a), phenanthrene (b, ¢), phenalene (d), coro-
nene (1), acenes (k,1,m), rylenes (m, o, p, q), and pyrene (r).

FIGS. 23(a)-(g) show the basic structures of porphyrins
tused with polycyclic heterocyclic rings according to another
embodiment.

FIGS. 24(a)-(/) show the basic structures of additional
heterocyclic rings which can be fused with porphyrins: phe-
noxazine (a, X—0), phenothiazine (a, X=—S), phenoselena-
zine (a, X=Se), phenotellurazine (a, X—1T¢), dihydrophena-
zine (a, X—=NH, NR), benzo[b][1,4]oxazine (b,c, X=—0),
benzo[b][1,4]thiazine (b,c, X=—S), benzo[b][1.,4]selenazine
(b,c, X=8¢), benzo[b][1,4]tellurazine (b,c, X—T¢), dihyd-
roquinoxaline (b,c, X=—=NH, NR), benzofurane (d.1,j, X=—0),
benzothiophene (d,1,;, X=5), benzoselenophene (d.1,j,
X—=Se), benzotelluraphene (d,1,;, X=Te), indole (d.i,,
X—NH, NR, g.,h), carbazole (1), dipyrrin (k,l, Y=—BF,,
metal).

FI1G. 25 shows the basic structure of porphyrin olygomers.

FIG. 26(a)-(f) shows "H NMR spectra of ZnBPP, ZnM-
FBPP, ZnDFBPP, ZnFBTP, cyano-phenyl porphyrin dimer
and pyrene porphyrin trimer, respectively.

FI1G. 27 1s a schematic 1llustration of the architecture of an
example of a photosensitive device incorporating the com-
pounds disclosed herein.

FI1G. 28 1s a flowchart showing the method of fusing non-
activated, porphyrins with one or more non-activated aro-
matic rings according to the present disclosure.

Except where noted, all drawings are schematic and are not
drawn to scale and are not intended to necessarily convey
actual dimensions.

DETAILED DESCRIPTION

I

According to an aspect of the present disclosure, mono-,
doubly-, triply-, and tetra-fused porphyrins with aromatic
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rings i meso,[3 mode and a method of their preparation by
thermal ring closure of the singly substituted porphyrins with
appropriate polycyclic aromatic rings (e.g. naphthalene,
pyrene, phenanthrene, etc) 1s described. The use of these
thermally fused porphyrins in donor/acceptor configuration
devices typical with common organic solar cells (1.e. copper
phthalocyanine/C,) 1s also described.

Thermal fusion of one or more polycyclic rings to a por-
phyrin core 1 meso,[3 fashion to obtain hybrnd, structures
containing a distorted porphyrin ring with annulated aromatic
rings 1s schematically shown below for pyrene fused porphy-
rins.
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-continued

One of the ways to overcome problems with solubility in
extended aromatic systems 1s to mntroduce out-of-plane dis-
tortion. Fusion m (meso,{3 mode with polycyclic aromatic
rings (PAHs—rings, consist of several condensed benzene
rings, such as naphthalene or pyrene rings) should cause such
distortion due to unfavorable interactions between 3 pyrrolic
protons of porphyrin ring and protons at the o-position of
aromatic rings. In contrast, fusion in ([3,meso, [3) mode with
anthracene rings leads to the formation of planar fused por-
phyrins with extremely low solubility even by placing mul-
tiple solubilizing alkoxy groups. In other ({3,meso) fused sys-
tems, the distance between two mentioned hydrogen atoms
may not lead to large distortion and, therefore, such systems
as azulene-fused porphyrins display modest solubility. For
the fusion of pyrene rings, ail previous attempts to fuse unsub-
stituted pyrene ring were unsuccessiul and 1s possible only as
fusion of one alkoxy-activated pyrene ring. The obtained,
pyrene-fused products were not reported to have emission.

The present disclosure describes a new method of prepa-
ration of multiply fused aromatic rings with a porphyrin core
which does not require any activation and 1s possible without
any solvents and reagents by previously unknown flash
pyrolysis of porphyrins singly connected with the corre-
sponding aromatic ring at high temperatures. At elevated
temperatures (500-3530° C. under nitrogen), d/s-pyrenyl sub-
stituted porphyrin ZnBPP undergoes a thermal ring closure
yielding the desired, mono-ZnMFBPP and regioisomeric

doubly-fused porphyrins ZnDFBPP (FIG. 1). The product
ratio (ZnMFBPP:ZnDFBPP) and reaction yield can be con-
trolled by varying the reaction time. The inventors have found
that thermal annealing thin films or small amounts (50-100
mg) ol bis-pyrenyl-porphyrin ZnBPP vyields ZnDFBPP
nearly quantitatively. This reaction has also proven to be
scalable, 1n excess of several grams, although with smaller
1solated yields of ZnDFBPP of about 25-35%.

The major byproduct in large scale reactions, comprising,
35-40% of the porphyrinic product, involves the loss of one
di-tert-butylphenyl group from ZnDFBPP. While this
byproduct affects yields of ZnDFBPP, the loss of a di-tert-
butylphenyl groups does not ail

ect, the optical properties of
the compound, such that the yield of NIR absorbing and
emitting material remains high. All meso-porphyrinic posi-
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tions appear to be exhaustively fusible, such that fusion 1s
achievable even for tetrakis-pyrenyl-porphyrin ZnTPP to
form the quadruply fused product ZnQFTPP therefore, the
number of fusion sites of the substituents at meso-porphyrinic
positions does not have a limit.

Pyrene ring fusion 1s verified by the mass spectra of the
obtained products, that clearly indicate the loss of two (for

/nMFBPP; [M]"=1146.4581), four (for ZnDFBPP;
[M]7=1144.4418) and eight protons ({or ZnQFTPP;
[M]"™=1164.32) relative to the parent compounds ZnBPP
(IMH]"=1149.4834) and ZnTPP [MH] 1173.2915). Both
regioisomers of doubly fused porphyrin anti-ZnDFBPP and
syn-ZnDFBPP (1:1 ratio) were observed, and can be sepa-
rated using column chromatography (anti-ZnDFBPP 1s
shown 1n FI1G. 1). Structure assignment for both regioisomers
can be done by NMR spectroscopy based on the number of
equivalent di-tert-butyl-phenyl groups, since regioisomers
ant1-ZnDFBPP has only one set and syn-ZnDFBPP has two
independent sets of signals of protons for the di-tert-bu-
tylphenyl groups. Unlike regioisomeric fused porphyrin tapes
with strong shape dependence of their photophysical proper-
ties, anti-ZnDFBPP and syn-ZnDFBPP have quite similar
properties.

Referring to the flowchart 200 in FIG. 28, the process for
fusing one or more non-activated polycyclic rings to a non-
activated porphyrin core according to an implementation of
the present disclosure comprises heating a quantity of precur-
sor porphyrins to a fusion temperature in an inert gas envi-
ronment (block 210) and holding the precursor porphyrins at
the fusion temperature for a predefined period of time until
the precursor porphyrins melt and form a mixture of fused
porphyrins (block 220). The mixture of fused, porphyrins 1s
then cooled to room temperature (block 230) and separated
into various fused porphyrin compounds (block 240). The
fused porphyrin can be separated using column chromatog-
raphy then further purified by recrystallization.

An example of the thermal fusion process for thermally

fusing non-activated porphyrins with one or more non-acti-
vated polycyclic aromatic rings will now be described using
the fusion process conducted by the inventors using bis-pyre-
nyl-porphyrin ZnBPP as the precursor non-activated porphy-
rin  material. A quanfity of bis-pyrenyl-porphyrin
/nBPP*MeOH (1 g, 0.845 mmol) was placed into a glass
tube (directly or 1n an appropriate container such as a glass
boat). The glass tube was placed into a furnace preheated to a
fusion temperature in an inert gas environment (nitrogen,
neon, or argon, for example) and held at the fusion tempera-
ture for a predefined time period until the precursor material
melt and form a mixture of fused porphyrins.
The fusion takes places when the prophyrins are i the
melted phase. However, potentially, an appropriate porphyrin
may be fused without melting. Thus, generally, the fusion
temperature will depend on the melting (or transition) point
of the starting porphyrin material to be fused. For porphyrins
with lower melting point, the fusion temperature can be lower
than S00° C. For porphyrins with higher melting point, the
fusion temperature could be higher than 530° C. Preferably,
the fusion temperature 1s above the melting (or transition)
point of the precursor porphyrins.

For the quantity of bis-pyrenyl-porphyrin ZnBPP*MeOH
(1 g, 0.845 mmol), the fusion temperature was between 500°
C.-330° C. The furnace was preheated, to a fusion tempera-
ture of 530° C. and held at that temperature for about 5
minutes. First, the furnace temperature rose to 530° C. 1n 1-2
minutes and after additional approx. 1-2 minutes, the precur-
sor non-activated, porphyrin material melted. The precursor
material turned into a brown color and bubbles appeared.
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After about 0.5 minutes, the glass tube was removed, from the
furnace and the mixture of fused porphyrins was cooled to
room temperature while under the inert gas environment.
Prolonged heating causes reduced yields of the doubly fused
product ZnDFBPP. 5

In general, the optimal dwell time at the fusion temperature
1s the duration which results 1n the maximum amount of the
desired fused product 1n the reaction mixture. This dwell time
can be found experimentally. The fusion dwell time will
depend on the nature of the polycyclic aromatic rings and 10
stability of the products at high temperature. If the fusion
dwell time 1s short, a significant amount of the starting por-
phyrin material may be present in the reaction mixture. If the
fusion dwell time 1s too long, already formed fused porphy-
rins can decompose (for example, with the loss of one or two 15
aryl substituents such as di-tert-butyl-phenyl group).

The amount of desired fused products will increase until all
starting material 1s converted into fused products. After that,

i competing reactions exist, such as decomposition, the
amount of fused product will decrease. Therefore, one can 20
determine the fusion dwell time that, would produce the
maximum amount of the fused, product experimentally.

The 1mventors repeated the process five additional times
with new 1 g batches of the precursor non-activated porphyrin
material resulting 1n a total of about 6 g of the mixture of fused 25
porphyrin ZnBPP. The scalable process however can be done
in larger amounts of starting porphyrin, this would, lead to the
final fused products, however, with smaller yields.

The crude mixture of fused porphyrins was dissolved in
dichloromethane (100 ml) with addition of hexanes (300 ml) 30
and pyridine (5 ml) and separated into various fused porphy-
rin compounds by graduated elution on an alumina column
chromatograph (400 g). An elution of the mixture of fused
porphyrins with dichloromethane gave first fraction which
contained compound ZnMFBPP. Next, an elution with hex- 35
anes:dichloromethane:pyridine=700:300:5 mixture gave
crude doubly fused, porphyrin ZnDFBPP which was purified
by recrystallization from dichloromethane by layered, addi-
tion of methanol to give ZnDFBPP (about 93-95% purity 1.80
g, 30%). An elution with dichloromethane:pyridine=1000:5 40
mixture gave doubly fused porphyrin with the loss of one
di-tert-butyl-phenyl group which was purified by recrystalli-
zation from dichloromethane-pyridine by layered addition of
methanol (2.3 g, 38%). Higher purity doubly fused porphyrin
/nDFBPP can be obtained by column chromatography on 45
silica gel (gradient elution with hexanes:dichloromethane
mixtures 1000:50 to 800:200). The first fraction contaiming,
compound ZnMFBPP was additionally purified by silica gel
column (gradient elution with hexanes:ethyl acetate mixtures
1000:5 to 1000:15) and crystallized from dichloromethane by 50
layered addition of methanol to give compound ZnMFBPP
(0.54 g, 9%).

According to another aspect of the present disclosure, the
process Tor fusing non-activated porphyrins can be incorpo-
rated 1nto a process for fabricating a photosensitive device 55
such that the non-activated porphyrins 1n the donor material
can be fused 1n the device form factor. When carried out 1n the
device form factor, the thermal fusion 1s conducted with the
precursor porphyrins in thin films by spin-coating the precur-
sor porphyrins from appropriate solution on glass, indium tin 60
oxide or other surfaces.

One such method for fabricating a photosensitive device
forms a planar donor-acceptor heterojunction device. The
method, comprises depositing a first electrode layer on a
suitable substrate and depositing a layer of organic donor 65
material over the first electrode, thus forming an interim
structure, wherein the organic donor material comprises a
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precursor porphyrin material. The interim structure 1s then
heated to a fusion temperature for the particular precursor
porphyrin material. The heating 1s conducted 1n an inert gas
environment (e.g. nitrogen or other 1nert gas) and held at the
fusion temperature for a predefined period of time until the
precursor porphyrin material melts and forms a layer of mix-
ture eflused porphyrins. A layer of an organic acceptor mate-
rial 1s then deposited, over the layer of the organic donor
material, wherein the organic acceptor material layer 1s in
direct contact with the organic donor material layer, whereby
the organic donor material layer and the organic acceptor
material layer form a photoactive region. A second electrode
layer 1s then deposited over the organic acceptor material
layer. The first electrode and the second electrodes can be
anode and cathode, respectively and the suitable electrode
maternials are well known to the art. For example, the anode
can be formed using a transparent electrode material such as
ITO (1indium tin oxide) and the cathode can be formed using
a metal such as silver. The device may further comprise a
layer of bathocuproine (BCP) disposed between the acceptor
material layer and the second electrode, the BCP functioning
as an exciton blocking layer in the device.

According to another aspect, a method for fabricating a
photosensitive device having a bulk donor-acceptor hetero-
junction 1s disclosed. The method comprises depositing a first
clectrode layer on a suitable substrate and depositing a layer
of a mixture of an organic donor material and an organic
acceptor material over the first electrode, thus forming an
interim structure, wherein the organic donor material com-
prises a precursor porphyrin material. The interim structure 1s
then heated to a fusion temperature for the particular precur-
sor porphyrin material for fusing the porphyrins. The heating
1s conducted in an inert gas environment and held at the
fiss1on temperature for a predefined period of time until the
precursor porphyrin material in the mixture of the organic
donor and acceptor materials melts and forms fused porphy-
rins. The fused porphyrins and the organic acceptor material
form a photoactive region having a bulk heterojunction. Sub-
sequently, other layers of the photosensitive device, such as a
second electrode layer, 1s deposited over the photoactive
region. The device may further comprise a layer of BCP
disposed between the photoactive region and the second elec-
trode, the BCP functioming as an exciton blocking layer in the
device.

According to another aspect, a quantity of fused porphyrin
compounds can be used to form a donor layer of a photoactive
region 1 a photosensitive device. The examples of PV
devices whose IV characteristics are plotted in FIGS. 8-12,
discussed below, were fabricated 1in such manner.

As described above, the donor materials of the present
disclosure can be used to form a bulk heterojunction configu-
ration of a photosensitive device. Using solution processing,
more than one component can be mixed or blended for depo-
sition including donor and acceptor materials together. The
donor materials can be mixed with a soluble acceptor, such as
PCBM or PTCDI, to spin-coat or spin-cast the photoactive
region having a bulk heterojunction configuration. The fused
non-activated porphyrin donor materials disclosed herein can
be co-deposited, with other materials, such as another donor
material or an acceptor material.

There are several major differences between the porphy-
rins Tused 1n (meso,{3) mode with aromatic rings as disclosed
in the present disclosure compared to previously reported
fused, porphyrins in (meso,f3) and (3,meso,{3) modes, (1)
First, the fusion of one or two pyrene rings in (meso, ) mode
with a porphyrin molecule leads to a product with substan-
tially higher solubility. In contrast, even the presence of sev-
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eral alkoxy groups in porphyrins fused with anthracene rings
in (3, meso,p ) mode gives compounds with very limited solu-
bility. Thus, distortion in (meso,{3) mode 1s an 1mportant
structural factor for the control of different properties of por-
phyrinoids. (2) Next, using the thermal fusion method dis-
closed herein, a direct fusion 1s possible without any activa-
tion of porphyrins (e.g. porphyrin rings with nickel(1I)
metalation and PAHs with alkoxy groups) for unsubstituted
PAHSs rings with different metalated porphyrins (Zn, Pt, Pd,
Cu, Pb, etc). Moreover, fusion of unactivated aromatic rings
with unactivated porphyrin rings cannot be achieved by
known methods for similar fusions.

The thermal fusion process does not require any solvents
and reagents. Thus, because of its elliciency, the thermal
fusion can be described, as “click” chemistry reaction, which
can be used for generating different fused products 1n situ by
annealing thin films of starting non-fused porphyrins directly
on electrodes (e.g., ITO) during manufacture of optoelec-
tronic devices. (3) The fused non-activated porphyrins of the
present disclosure exhibit emission 1 NIR spectral region
with one of the highest, efficiencies reported 1n literature with
quantum vields of emission gradually increasing with the
number of fused sites 1n going into NIR from 3.3% for the
starting non-fused porphyrin ZnBPP at 590 and 640 nm to 8%
for the mono-fused porphyrin ZnMFBPP at 716 nm and 10%
for the doubly fused porphyrin ZnDFBPP at 816 nm. This
trend 1s quite different from the effect of extending conjuga-
tion 1n other porphyrins. Thus, porphyrinoids 1n general are
very poor emitters 1n NIR spectral region and NIR emission
beyond 720 nm from other fused systems mvolving meso

position have not been reported.

FIG. 1 shows the synthesis of mono (ZnMFBPP), doubly
(ZnDFBPP) and quardruply (ZnQFTPP) fused pyrene-por-
phyrins. FIG. 2 shows the absorption spectra of ZnBPP, ZnM-
FBPP, ZnDFBPP in dichloromethane solution. FIG. 3 shows
the absorption spectra of ZnBPP, ZnMFBPP, ZnDFBPP in the
thin film. FIG. 4 shows the room temperature emission spec-
tra of ZnMFBPP, ZnDFBPP 1n dichloromethane. FIG. 5
shows the absorption spectra of ZnQFTPP in pyridine solu-
tion and in the thin film.

Fusion with heterocyclic rings 1s also potentially interest-
ing reaction to get heterocyclic-tused porphyrins. No reac-
tions of direct fusion of heterocyclic rings with porphyrins
have been reported so far. Thiophenes and thiophene-contain-
ing compounds represent one of the most useful heterocyclic
system for organoelectronics and the inventors were able to
achieve direct fusion of 3-substituted thiophene ring to por-
phyrins 1 (meso,p) mode with the formation of fused
thiophene-porphyrin hybrid, which can be done both by ther-
mal tlash pyrolysis and by 1ron(Ill) chloride mediated ring
closure.

FIG. 6 shows synthesis of ZnBTP and ZnFBTP. FIG. 7
shows the absorption spectra of ZnBTP and ZnFBTP 1n
dichloromethane solution and 1n the thin film.

The fused non-activated porphyrins have absorption
shifted to deep red and NIR spectral regions and are promis-
ing materials to get high efficiency solar cells and for other
applications, where NIR spectral region 1s critically impor-
tant for device performance. These materials can provide
better exciton diffusion length and better charge transport.
FIGS. 8-12 show-various measured performance character-
1stics of some examples of photovoltaic devices fabricated
with fused porphyrins as the organic donor material. FIG. 8

shows the JV characteristics for ZnDFBPP and
ZNPh2DFBPP in ITO/spin-cast porphyrin layer(100 A)/C.,
(400 A)/BCP (100 A)/Al(1000 A) devices as measured by the
inventors. FI1G. 8a shows the JV characteristics for ZnDFBPP
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in ITO/ZnDFBPP(100 A)/C.,(400 AYBCP (100 A)/Al(1000
A) devices as measured by the inventors. The IV character-
istics of conventional devices, one using 400 Acopper phtha-
locyanine (CuPc) as the donor layer and another using the
spin-cast donor layer of ZnBPP (see FIG. 1) with addition of
4.4'-bipyridine are also shown 1n FIG. 8a for reference.

The m-systems of the fused pyrene moieties in ZnDFBPP
are not sterically hindered and are, therefore, suitable for
intermolecular attractive pyrene-pyrene interactions. This
leads to significant red-shifted absorption 1n the thin films (up
to 90 nm 1n some cases, for example by spin-casting from
toluene). Conversely, porphyrin ZnDFBPP has two bulky
di-tert-butyl phenyl groups at the meso positions of the por-
phyrin ring, limiting direct overlap with the m-system of the
porphyrin chromophore. Control of such intermolecular
interactions has been implicated as an important factor in
kinetically suppressing losses to open circuit voltage (V_ ),
which 1s thermodynamically limited by the interfacial energy
level ofiset (AE,,) between HOMO -LUMO 0, sor-
where HOMO 1s highest occupied molecular orbital and
LUMO 1s lowest unoccupied molecular orbital FIG. 8 1llus-
trates the performance of solar cells (the current density vs.
voltage (J-V) characteristics ) incorporating fused pyrene por-
phyrin ZnDFBPP as a donor by using spin-casting technique.
FIG. 8a illustrates the performance of solar cells (the current
density vs. voltage (J-V) characteristics) incorporating fused
pyrene porphyrin ZnDFBPP as a donor and reference copper
phthalocyanine (CuPc) cell by thermal evaporation, and ret-
crence ZnBPP/4,4'-bipyridyl cell by using spin-casting tech-
nique. The cell structure is ITO/ZnDFBPP(100 A)/C,,(400
A)YBCP(100 A)/AI(1000 A), similar to that used for the cop-

per phthalocyanine (CuPc) reference cell and related porphy-

rin donor based cells. The current density vs. voltage (J-V)
characteristics were measured in the dark and under simu-
lated 1 sun (1 kW/m®) AM1.5G illumination. Efficiencies
were determined after correction for spectral mismatch
between Xe source lamp and ASTM G173-03 global. Over-
all, thin layers (100 A) of thermally evaporated, porphyrin

/nDFBPP yield a power conversion etliciency (PCE)>1%,
which is close to that of the reference (CuPc, 400 A/C,)

device. The open circuit voltage of porphyrin ZnDFBPP and
CuPc are comparable, even though AE,, for CuPc/C,,
couple 1s larger (1.7 €V) than that for porphyrin ZnDFBPP/
Ceo (1.1 V). This underscores the importance of attending to
molecular structure when considering materials to suppress
losses 1 V__. The short circuit current-density of J__=5.69
mA/cm® obtained for the porphyrin ZnDFBPP device is
among the highest values reported for porphyrin solar cells
and 32% higher than for standard CuPc cell. This enhance-
ment appears to be due to panchromatic response up to 950
nm, with peak values of >7% 1n the 850-900 nm region (FIG.
9a). The relatively lmgh EQE demonstrates the utility of
employing intense broadband absorption throughout the vis-
ible and NIR for achieving enhanced solar energy conversion
eificiency.

FIG. 9 illustrates the performance of solar cells (EQE
response) incorporating fused pyrene porphyrin ZnDFBPP as
a donor by using spin-casting technique. FIG. 9q illustrates
the performance of solar cells (EQE; response) incorporating,
tused, pyrene porphyrin ZnDFBPP as a donor and reference
copper phthalocyanine (CuPc) cell by thermal evaporation,

and reference ZnBPP/4,4'-bipyridyl cell by using spin-cast-
ing technique. The cell structure 1s ITO/ZnDFBPP(100
A)/C,.,(400 A)/BCP(100 A)/Al(1000 A), similar to that used

for the copper phthalocyanine (CuPc) reference cell and

dOHOF
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related porphyrin donor based cells. FIG. 9a shows one of the

best NIR EQE response for organic dyes of 7.5% at peak

max—860 nm.

FIG. 10 shows the EQE response for ZnQFTPP 1n I1TO/
porphyrin(100 A)/C,,(400 A)/BCP (100 A)AI(1000 A)
devices generated in situ by thermal annealing at 330° C.
Thermal annealing of starting porphyrins can be done 1n situ
on ITO or other transparent electrode just by spin-casting of
non-fused, porphyrins (e.g. ZnBPP, ZnTPP) and annealing at
530° C. under nitrogen for 5 minutes, these films can be used
for device fabrication directly w1th0ut further processing the
donor layer. F1G. 11 shows the IV characteristics for ZnFBTP
in ITO/ZnFBTP(100 A)/C,,(400 A)/BCP (100 A)/Al(1000
A) devices as measured by the inventors, FIG. 12 shows the
EQE response for ZnFBTP in ITO/porphyrin(100 A)/C,,
(400 A)/BCP (100 A)/Al(1000 A) devices as measured by the
inventors. This data shows that porphyrins fused with hetero-
cyclic rings can also be used as donor layers for organic solar
cells. FI1G. 12 illustrates the performance of solar cells (EQE
response) incorporating benzothienyl-fused porphyrin ZnkF-
BTP as a donor by thermal evaporation with photovoltaic
response from porphyrin extended, up to 1100 nm.

Olygoporphyrins singly connected at meso position were
never applied to photovoltaic (PV) devices before. Such por-
phyrin olygomers can be used in PV devices with or without
coordinative additives. Such porphyrin olygomers are shown
in FIGS. 13-17 and 25. FIG. 13 shows the synthesis of a
porphyrin dimer, specifically a cyano-phenyl porphyrin
dimer. FIG. 14 shows synthesis of pyrene porphyrin trimer,
FIG. 15 shows UV/VIS spectra of ZnBTP, cyano-phenyl por-
phyrin dimer and porphyrin trimer 1n the thin film as mea-
sured, by the inventors, F1G. 16 shows the IV characteristics
for cyano-phenyl porphyrin dimer i ITO/porphyrin(100
A)/C.,(400 A)BCP (100 A)/ Al(1000 A) devices as measured
by the mventors. FIG. 17 shows the IV characteristics for
pyrene porphyrin trimer in ITO/porphyrin(75 A)/C,,(400
A)YBCP (100 A)YAI(1000 A) devices as measured by the
inventors. Photophysical properties of olygoporphyrins are
different from monoporphyrins. Some examples are: faster
hole hopping from one porphyrin unit to another; and por-
phyrin units are electronically coupled much stronger than
two separate porphyrin units. This causes broadening of
absorption spectrum with better overlap with solar spectrum
(see FIG. 15). Besides that electronic coupling between por-
phyrin units should potentially provide better charge trans-
port which 1s essential for getting materials with larger exci-
ton diffusion length. Some problems 1volving applications
of olygoporphyrins include film morphology (formation of
aggregates), poor solubility, etc. The data 1n FIGS. 16 and 17
shows that olygoporphyrins (dimer, trimer) give photore-
sponse as donor layers by using spin-casting technique mean-
ing that there 1s no problems with morphology of thin films,
charge separation and charge transport. Therefore, this opens
opportunities for their applications in devices with various
architecture where olygoporphyrins serve as donor materials.
Advantages of olygoporphyrins can be better organization of
the thin films together with better overlap with solar spectrum
as 1llustrated by FIG. 15.

According to another aspect of the present disclosure, the
use of coordinative additives to porphyrins, pthalocyanines,
subphthalocyanines 1n a donor/acceptor configuration typical
with common organic solar cells (1.e. copper phthalocyanine/
Cgo) Wil now be described. In our nitial implementation, we
used porphyrins, porphyrin oligomers, phthalocyanines and
subphthalocyamines with coordinative additives, such as
pyridines, as donors and paired them with the acceptor C,.

By coordination of the above mentioned macrocycles with
coordinative additives containing, for example, basic nitro-
gen atom gives possibility to change and tune the energy
levels of macrocycles as well as change the morphology of the
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thin films. From the data obtained by the inventors and shown
in FIGS. 16-20, it 1s clear that addition of such representative
coordinative compounds as pyridine and 4,4'-bipyridyl, con-
taining one basic nitrogen atom (pyridine) or two basic nitro-
gen atoms (4,4'-bipyridyl) significantly improves perfor-
mance of the photovoltaic cells.

First, the addition of coordination additives prevents aggre-

gation giving much better open circuit voltages especially for
compounds with pronounced, tendency for aggregation—

from 0.3V to 0.44 V for diphenyl porphyrin (FIG. 20), from
0.35V 10 0.56 V for porphyrin dimer (FIG. 16). Secondly, the
addition of coordination additives improves Jsc and fill factor
as well. This can be 1llustrated, for example, by increasing Jsc
from 2.17 to 2.87 mA/cm* and fill factor from 0.42 to 0.51 for
benzothiophene substituted porphyrin (FIG. 19). Examples:
FIG. 16 shows the JV characteristics for porphyrin dimer as
one ol the representattive members of olygoporphyrins 1n
ITO/porphyrin(100 A)/C.,(400 A)/BCP (100 A)/A1(1000 A)
devices by using spin-casting method to deposit a porphyrin
layer. This demonstrates the utility of olygoporphyrins as
donor layers in organic photovoltaic cells. Device perfor-
mance 1s significantly improved by using coordination addi-
tives, such as 4,4'-bipyridyl, which prevents aggregation and
increases open circuit voltage, short circuit current and fill
factor. The overall device performance can be improved by
more than 2 times.

FIG. 18 shows the JV characteristics for bis-pyrene por-
phyrin ZnBPP in ITO/porphyrin(100 A)/C.,(400 A) BCP
(100 A)/A1(1000 A) devices by using spin-casting method to
deposit the porphyrin layer. Device performance 1s improved
by almost 2 times by using pyridine as a coordination additive
and further improved by about 20% by using 4,4'-bipyridyl as
a coordination additive. The use of coordination additives
increases open circuit voltage, short circuit current and fill
factor, and, thus, overall performance by about 2.25 times.
FIG. 19 shows the IV characteristics for bis-(3-benzothie-
nyl)-porphyrin in ITO/porphyrin(100 A)/C,,(400 A)/BCP
(100 A)/A1(1000 A) devices by using spin-casting method to
deposit the porphyrin layer. Device performance 1s improved
by about 2 times by using pyridine as a coordination additive
and further by using 4,4'-bipyridyl as a coordination additive.
The use of coordination additives increases open circuit volt-
age, short circuit current and fill factor. FI1G. 20 shows the JV
characteristics for diphenyl porphyrin in ITO/porphyrm(lOO
A)/C,, (400 AYBCP (100 A)/A1(1000 A) devices by using
spin-casting method to deposit the porphyrin layer. Device
performance 1s improved by using pyridine and further by
about 2.5 times using 4,4'-bipyridyl as a coordination addi-
tive. This result and the results above suggest that such great
improvement in device performance by using additives and
spin casting method to deposit donor layer has general appli-
cations.

All of the fused porphyrin compounds listed above and
those depicted in FIGS. 21-24 are a new class of absorption
material for application 1n organoelectronics. The basic struc-
ture of the new maternial can be seen 1n FIGS. 21(a)-(p) and
FIGS. 23(a)-(g). FIGS. 21(a)-(p) show the basis structures of
porphyrins fused with polycyclic aromatic hydrocarbons.
FIGS. 23(a)-(g) show the basic structures of pophyrins fused
with polycyclic heterocyclic rings. In the compositions
shown 1n FIGS. 21 and 23, M 1s two hydrogen atoms repre-
senting {ree base porphyrins or any element selected from the
following group: Mg, Ca, Sr, Ba, Sc., Y, La, Ce, T1, Nb, Ta, Cr,
Mo, W, Mn, Tc, Re, Fe, Ru, Os, Co, Rh, Ir, N1, Pd, Pt, Cu, Ag,
Au, Zn, Cd, Hg, Al, Ga, In, T1, S1, Ge, Sr1, Pb, P, As, Sb, Bi,
Pr, Nd, Sm, Fu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Th, and U.
Each of the R,-R., are independently selected, from the
group consisting of electron donors and acceptors, such as
hydrogen, alkyl, fluoroalkyl, hydroxyl, alkoxy, halo (Cl, Br,
I), chalcogens (S, Se, Te), mercapto group, amino, cyano,
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alkenyl, alkynyl, and aryl. The terms halo, halogen, alkyl,
cycloalkyl, alkenyl, alkynyl, heterocyclic group aryl, aro-
matic group, and heteroaryl are known to the art and are
defined, for example, 1n U.S. Pat. No. 7,279,704 at cols.
31-32, the disclosure of which 1s incorporated, herein by
retference. In FIGS. 23(a)-(g), X 1s a heteroatom from the
tollowing list: O, S, Se, Te, N, P, As, S1, Ge, B. X can have two
bonds as depicted or X can have coordination with additional
one, two or three bonds with one, two or three ligands.

The dotted arcs 1n the FIGS. 21 and 23 can be all possible
combination of fused rings (both aromatic and unsaturated or
combination of both aromatic and unsaturated, rings includ-
ing four, five, s1x, seven, eight, or nine-membered rings) and
all possible combination of fused heterocyclic rings with one
or more heteroatoms, including all possible combinations of
all heteroatoms 1n all possible arrangement. Each of the dot-
ted, arc can be the same ring, or different rings (difference by
s1ze of rings and composition of rings).

Two fused ends of porphyrins can be the same or different.
Two fused ends of porphyrins can be naphthalene,
anthracene, pyrene and thiophene rings as mentioned above
or other polycyclic aromatic rings shown 1n FIGS. 22 and 24.
Specifically, FIGS. 24(a)-(/) show heterocyclic rings. In
FIGS. 22 and 24, the fusion position on the polycyclic aro-
matic rings are marked with a wave-line and the connection
with meso position of the porphyrins 1s marked with a black
dot. In FIGS. 22(a)-(u), 1, 1, and m are each independently
0-100. FIGS. 22(a)-22(u) show the basic structures of addi-
tional aromatic hydrocarbons that can be fused with porphy-
rins: acenathphylene (a), phenanthrene (b, ¢), phenalene (d),
coronene (7), acenes (k,1,m), rylenes (m, o, p, q), pyrene (1).

According to an aspect, of the present disclosure the fused
non-activated porphyrins and olygoporphyrins described
herein can be incorporated 1n a donor/acceptor configuration
as an optoelectronic matenial. For example the fused non-
activated porphyrins and olygoporphyrins can be paired with
acceptor materials to form the donor/acceptor heterojunc-
tions of the photoactive regions 1n photosensitive devices.
Examples of the suitable acceptor materials are C,, C, Cq..
F,.—CuPc, PTCBI, PICDA, PCBM and PTCDI to name a
few.

The donor/acceptor heterojunctions of the photoactive
regions utilizing the donor materials of the present disclosure
can be formed using any of the known suitable methods. For
organic layers, such as the acceptor materials and the donor
materials of the present disclosure, preferred methods include
vacuum thermal evaporation, ink-jet deposition, such as
described 1n U.S. Pat. Nos. 6,103,982 and 6,087,196, the
disclosures of which are incorporated herein by reference 1n
their entireties, organic vapor jet printing (OVIP), such as
described 1 U.S. patent application publication No. 2008/
0233287, the disclosure of which 1s imncorporated herein by
reference 1n 1ts entirety. Other suitable deposition methods
include solution processing such as spin coating, spray coat-

ing, or doctor blading. Solution processes are preferably car-
ried out 1n nitrogen or other suitable inert atmosphere.

The electrodes such as LiF/ Al or BCP/Ag can be deposited
by methods known 1n the art such as vacuum thermal evapo-
ration.

FI1G. 27 shows the architecture of an example of a photo-
sensitive device 100 comprising an first electrode 110, a sec-
ond electrode 130 and a photoactive region 120 disposed
between the two electrodes. The first electrode 110 can be an
anode typically formed of ITO, the second electrode 130 can
be a cathode typically formed from Ag. The photoactive
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region 120 comprises the donor material based fused non-
activated porphyrins as disclosed, herein and an acceptor
material.

EXAMPLES

These and other aspects of the present disclosure will be
further appreciated upon consideration of the following
examples ol non-activated porphyrins fused with non-acti-
vated polycyclic aromatic rings or heterocyclic rings. These
examples are mntended to illustrate certain particular embodi-

ments of the mvention but are not intended to limit 1ts scope,
as defined by the claims.

Example 1

/nMFBPP and ZnDFBPP

/nMFEFBPP

/nDEFBPP

4.4,5,5-tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane. To
a approx. 0.1 M solution of 1-bromopyrene in toluene 10 mol
% of Cl,Pd(PPh,),, 5 equivalents of picolineborane and 10
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equivalents of triethylamine was added. The reaction mixture
was degassed with nitrogen and retfluxed overnight. The reac-
tion mixture was then quenched with water, toluene was
distilled, off and the residue was subjected to column chro-
matography on silica gel (gradient elution with hexanes-ethyl
acetate mixtures from 1:0 to 1000:5) to give 70-80% of 4,4,
3,5-tetramethyl-2-(pyren-1-yl)-1,3,2-dioxaborolane.

"H-NMR (CDCl,, 400 MHz): 1.51 (s, 12H), 8.02 (t, 1H,
J=7.7Hz), 8.07-8.24 (m, 6H), 8.56 (d, 1H, J=9.7 Hz), 9.09 (d,
1H, J=9.7 Hz).

MALDI TOF mass spectrometry: 328 (M™), requires
328.16 for C,,H,,BO,.

Oy
X 0
~

/ZnBPP

[10,20-Bi1s(3,5-di-tert-butylphenyl)-5,15-bis-(1-pyrenyl)
porphyrinato(2-)-kN-',kN>* kN*>,kN**)zinc(IlI) (See FIG.
1, ZnBPP). (A). NBS (5 g, 28 mmol, 2.1 equiv.) was added to
a stirred solution of [5,15-Bis(3,35-di-tert-butylphenyl)por-
phyrinato(2-)-kN*' kN> kN> kN*"zinc(I) (10 g, 13.33
mmol) i dichloromethane (700 ml) and pyridine (20 ml) at
—-10° C. (NaCl/ice bath) under nitrogen atmosphere. The
reaction mixture was stirred, at the same temperature for 10
minutes, then was allowed to warm to 0° C. 1n a water bath for
5> minutes and was quenched with acetone (20 ml). The crude
reaction mixture was passed, through silica gel column, elut-
ing with dichloromethane-pyridine mixture (100:1). All
green-purple fractions were collected, solvents were evapo-
rated, the residue was dissolved 1n dichloromethane-pyridine
mixture (93:5, 100 ml) and 200 ml of methanol was added to
precipitate bromoporphyrin. All crystals were collected by
filtration after 30 minutes to give [10,20-Bi1s(3,5-di-tert-bu-
tylphenyl)-5,15-bis-bromo-porphyrinato(2-)-kN** kKN=2,
kN>, kN**)zinc(II) (7.5 g, 8.26 mmol, 62%).

(B). A mixture of the above dibromoporphyrin (6.33 g,
approx. 6.97 mmol), cesium carbonate (23.5 g, 70 mmol, 10
equiv.), Pd(PPh, ), (800 mg, 10 mol %) and 1-pyrenyl-tetram-
cthyldioxaborolane (5.26 g, 16.03 mmol, 2.3 equiv.) in tolu-
ene (800 ml) and pyridine (10 ml) was degassed and refluxed
in nitrogen atmosphere for 12 hours. The reaction mixture
was cooled and passed consecutively through a pad of celite,
s1lica gel and neutral alumina washing with toluene. Toluene
was then distilled off in vacuum and the residue was separated
by crystallization from dichloromethane-methanol to atford
[10,20-B1s(3,5-di-tert-butylphenyl)-5,15-Bis(1-pyrenyl)por-
phyrinato(2-)-kN*' kN> kN*> kN, )zinc(I) (See FIG. 1,
/nBPP, 6 g, 5.2 mmol, 75%).

"H-NMR (CDCl,, 400 MHz): 1.47, 1.477 and 1.481 (s,
36H, atropoisomers), 7.50 (dd, 2H, J=9.3, 10.6 Hz), 7.71-
7.74 (m, 4H, atropoisomers), 8.04-8.14 (m, 8H), 8.33 (t, 4H,
J=7.2 Hz), 8.42 (d, 2H, J=9.1 Hz), 8.54 (d, 2H, J=7.7 Hz),
8.63 (dd, 4H, J=0.8, 4.7 Hz), 8.86 (dd, 2H, J=2.8, 7.7 Hz),
8.92 (d, 4H, 4.7 Hz).
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C-NMR (CDCl,, 75 MHz): 31.7, 35.0, 118.9, 120.8,
122.7,122.8,124.1,124.7,125.2,125.5,126.2,127.4,127.5,
127.7,127.9,129.6,129.8,129.9, 130.8, 131.3, 131.8,132.0,
132.5, 132.6, 132.64, 133.4, 133.5, 137.9, 141.6, 148.6,
150.7,151.0. UV/VIS (CH,CI,) A, nm, (€): 235 (84899), 243
(120670), 264 (48136), 275 (69032), 308 (34871), 323
(47186), 337 (54330), 427 (432531), 517 (6415), 531
(24905), 590 (5614).

HRMS: 1149.4834 (M™ and MH™), calcd. 1149.4808 for
CooHgoNLZn, MALDI TOF: 1150 (M™ and MH™), requires
114948 for Cy H.,N,Zn. Elemental analysis 1for
CooH N, Zn*MeOH: calcd: C, 82.25; H, 6.14; N, 4.74;
found: C, 82.45; H, 6.25: N, 4.65.

(D
2282
\Zn/
\N_ N/ Q

[10,20-Bi1s(3,5-di-tert-butylphenyl)-4,5-(1,10-pyrenyl)-13-
(1-pyrenyl)porphyrinato(2-)-k N*' ,kN**, kN*>,kN**)zinc(1])
(SeeFI1G. 1, ZnMFBPP) and [10,20-Bi1s(3,5-di-tert-butylphe-
nyl)-4,5,14,15-bis-(1,10-pyrenyl)-porphyrinato(2-)-kN**,
KN kN> kN*Hzinc(Il) (See FIG. 1, ZnDFBPP). The above
bis-pyrenyl-porphyrin ZnBPP*MeOH (550 mg, 0,465 mmol)
in a glass tube under nitrogen flow was placed into an oven
preheated to 530° C. The oven temperature rose to 530° C. in
1-2 minutes and after additional approx. 1 minute, starting
material melted. Heating continued, for 20-30 sec. until the
reaction mixture turned into brown color and the first bubbles
appeared. The glass tube was cooled to room temperature
under nitrogen. Prolonged heating causes reduced yield of the
final product ZnDFBPP and mono-fused product completely
converted to ZnDFBPP. The crude mixture was dissolved, in
dichloromethane (500 ml) with addition of pyridine (5 ml)
and passed through a filter filled with silica gel washing with
dichloromethane. All purple fractions were collected, sol-
vents evaporated. The residue was redissolved in dichlo-
romethane and passed, through a filter filled with alumina,
cluting with dichloromethane to get crude mono-fused prod-
uct (ZnMFBPP) and with hexanes-dichloromethane-pyridine
700-300-5 mixture to get crude doubly-fused product
(ZnDFBPP). The products were subsequently recrystallized

from dichloromethane by layered addition of methanol.
Yields: ZnMFBPP (50 mg, 9%), ZnDFBPP (190 mg, 36%).

[10,20-Bi1s(3,5-di-tert-butylphenyl)-4,5-(1,10-pyrenyl)-13-
(1-pyrenyl)porphyrinato(2-)-kN>" kN**,kN*>,kN**)zinc(1])
(See FIG. 1, ZnMFBPP).

"H-NMR (5%-pyridine-d5 in C.D,, 500 MHz): 1.49,
1.507, 1510 and 1.52 (s, 36H, atropoisomers), 7.39 (d, 1H,
J=—=9.5 Hz), 7.59 (d, 1H, J=9.5 Hz), 7.78-7.85 (m, 3H),
7.94-7.96 (m, 2H), 8.01 (s, 1H), 8.02-8.09 (m, 5H), 8.14 (d,
1H, J=9.5 Hz), 8.24 (d, 1H, J=8 Hz), 8.32 (d, 1H, J=8 Hz),
8.39 (1, 1H, J=1.5 Hz), 8.45 (t, 1H, J=1.5 Hz), 8.53 (1, 1H,
J=1.5Hz),8.55(d, 1H,J=4.5 Hz),8.56 (t, 1H, J=1.5 Hz), 8.63
(d, 1H,J=4.5Hz), 8.84 (d, U, J=8 Hz),9.03 (d, 1H, J=4.5 Hz),




US 9,113,535 B2

25

9.09 (d, 1H, J=4.5 Hz), 9.13 (s, 1H), 9.22 (d, 1H, J=4.5 Fz)
9.48 (d, 1H, J=8.5 Hz), 9.53 (d, 1H, J=4.5 Hz). 9.98 (s, 1H).

15C N\/IR (5%-pyridine-d5 in C.D., 500 MHz, 93.7
MHz): 30.2, 31.85, 31.86,31.89, 35.18, 35.20, 114.3, 119.0,
121.00, 121.03, 124.3, 124.6, 124.8, 124.9, 125.0, 125.3,
125.4,125.77,125.8,126.3,126.4,126.8,127.4,127.7,129.1,
130.7, 130.86, 130.90, 131.0, 131.2, 131.4, 131.6, 131.8,
131.9, 132.2, 132.3, 132.5, 132.69, 132.75, 132.8, 132.9,
133.0, 133.8,133.9,137.4,138.0,139.0, 143 .4, 143.5, 146.8,
149.08, 149.10, 149.23, 149.26, 150.3, 150.5, 150.6, 151.0,
151.8, 152.0, 152.3.

UV/VIS (CH,CL) A, nm, (€): 706 (43480), 495 (206480).
386 (40296), 339 (45680), 324 (38374), 275 (51790), 264
(44275).

Emission: A_ ., 722 nm; quantum yield, 8%. HRMS:
1146.4581 (M™), calcd. 1146.4573 forCy;H( N, 7Zn. E

Elemen-

tal analysis for CqH  N,Zn*MeOH: calcd.: C, 82.39; H,
5.97: N, 4.74; found: C, 82.69; H, 5.91; N, 4.86.

Oy A
2808
X
O e 0g®
SO e

anti-ZnDFBPP

syn-ZnDFBPP

[10,20-Bis(3,5-di-tert-butylphenyl)-4,5,14,15-b1s-(1,10-
pyrenyl)-porphyrinato(2-)-k N ,kN** kN>, kN**)zinc(II)
(See FI1G. 1, ZnDFBPP).

"H-NMR (5%-pyridine-d. in C_.D,, 25° C., 500 MHz, two
regioisomers): 1.53, 1.59 and 1.61 (s, 36H, regioisomers),
7.81 and 7.82 (d, 2H, J=8 Hz, regioisomers), 7.91-8.03 (m,
8H), 8.1 and 8.17 (t, 2H, J=8.5 Hz, regioisomers), 8.26 and
8.28 (d, 2H, J=8.5 Hz, regioisomers), 8.40, 8.55 and 8.62 (d,
4H, J=1.5 Hz, regioisomers), 9.00 and 9.08 (d, 2H, J=4.5 Hz,
regioisomers), 9.07 and 9.12 (s, 2H, regioisomers), 9.28 and
9.36 (d, 2H, J=4.5 Hz, regioisomers), 9.33 and 9.35 (d, 2H,
J=8 Hz, regioisomers), 9.78 and 9.84 (s, 2H, regioisomers).

"H-NMR (5%-pyridine-d. in C_.D,, 75° C., 500 MHz, two
regioisomers): 1.51, 1.57 and 1.60 (s, 36H regioisomers),
7.08 (t, 2H, J=8 Hz), 7.92 (t, 2H, J=9 Hz), 7.99 (d, 4H, J=8
Hz), 8.04 (s, 2H), 8.06 and 8.15 (s, 2H, regioisomers), 8.02-
8.06 (m, 4H), 8.45 and 8.54 (d, 2H, J=1 Hz, regioisomers),
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8.90 and 8.93 (d, 2H, J=4.5 Hz, regioisomers), 9.11 and 9.13
(s, 2H, regioisomers), 9.23-9.30 (m, 4H), 9.67 and 9.70 (s,
2H, regioisomers).

C-NMR (5%-pyridine-d. in C D, 25°C., 125 MHz, two
regioisomers): 30.1,31.84,31.92,31.94, 35. 20 114.0,114.2,
121.1, 121.3, 121.4, 122.7, 124.1, 124.2, 124.8, 1254,
L25.41, 125.8, 126.4, 126.9, 127.4,, 127.42, 127.5, 128.9,
129.0, 130.3,130.5, 130.7, 130.8, 131.8, 132.0, 132.9, 133.0,
133.03, 133.3, 133.4, 133.6, 136.5, 136.6, 138.0, 138.4,
143.3,143.4,146.7, 14°7.4,149.2, 150.1, 150.4, 150.5, 150.8,
151.1.

UV/VIS (CH,CL,) A, nm, (€): 815 (101541), 735 (27675),
651 (9565), 526 (141945), 505 (138669).

Emission (CH,Cl,): A, ., 815 nm; quantum yield, 10%.

MALDI TOP: 1143.9 (M™"), requires 1144.44 for
CooHg N, Zn. HRMS: 1144.4418 (M™), calcd. 1144.4417 for
CyoHg N, Zn.

Elemental analysis for Cy H:,N,Zn*MeOH: calcd.: C,
82.53; H, 5.81; N, 4.75; found: C, 82.92; H, 5.77; N, 4.78.

\ \\AI\\
\ NS '

anti-ZnDEFBPP

[10,20-Bis(3,5-di-tert-butylphenyl)-5,7,15,17-b1s-(1,10-
pyrenyl)-porphyrinato(2-)-kN>", kN>, kN> ,k N**)zinc(1I)
compound anti-ZnDFBPP. anti-ZnDFBPP can be obtained
by separation of a mixture of anti/syn ZnDFBPP using silica
gel column (gradient elution with benzene:hexanes—1:35 to
2:3) by collecting first fraction followed by layered crystalli-
zation from dichloromethane:methanol mixture. R~0.42

(hexanes:benzene=1:1).
"H-NMR (5%-pyridine-d. in C.D, 25° C., 500 MHz):

1.59 (s, 36H, t-Bu), 7.83 (1, 2H, J=8 Hz, pyreﬂe) 7.93 (d, 2H.
I=9Hz,H,,,.).7.99 (d, 2H, =9 Hz, H, _ ), 8.00 (d, 2H, J
HHz H,,,,.) 805 (d, 2H, -8 Hz, H, ... 8.04 (t, 2H,
J=1.5Hz, p-Hof Ar), 8.27 (d, 2H, J-9Hz, H,, ,_,.), 8.50-8.51

(m, 2H, o-H of Ar), 8.55 (d, 2H, J=1.5 Hz, o-H of Ar), 9.00 (d,
2H, J=4.5 Hz, (-pyrrolic H,,,,,), 9.13 (s, 2H, p-pyrrolic
H,,,..), 9.27 (d 2H, J=4.5 Hz, p-pyrrolic H,,,,), 9.33 (d,
2H, J=8 Hz, H ), 9.84 (s, 2H, H ).

pyrene) pyrene

C-NMR (5%-pyridine-d. inC D, 125 MHz): 32.0,35.3,
114.3, 121.3, 122.9, 124.4, 124.5, 125.4, 125.9, 1264,
126.75, 126.81, 127.4, 129.2, 130.5, 130.8, 131.8, 132.0,
133.0, 133.3,133.5,136.7,138.1, 143.4,146.8, 149.5, 150.2,
150.4, 151.2.

UV/VIS (CH,Cl,) A, nm, (€): 815 (81206), 741 (20628),
656 (5045), 559 (54452), 504 (151197). Emission (CH,Cl,):
A 839 nm; quantum vyield, 7.7%.

FLax?
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syn-ZnDEFBPP

[10,20-Bis(3,5-di-tert-butylphenyl)-3,5,15,17-b1s-(1,10-
pyrenyl)-porphyrinato(2-)-k N*", kN=* kN> ,kN**)zinc(II)
compound syn-ZnDFBPP. syn-ZnDFBPP can be obtained by
separation of a mixture of anti/syn ZnDFBPP using silica gel
column (gradient elution with benzene:hexanes—1:5 to 2:3)
by collecting the last fractions followed by layered crystalli-
zation from dichloromethane-methanol mixture. R~0.31
(hexanes:benzene=1:1).

"H-NMR (5%-pyridine-d. in C.D,, 25° C., 500 MHz):
1.53 (s, 18H, t-Bu), 1.61 (s, 18H, t-Bu), 7.82 (t, 2H, J=8 Hz,
), 793 (d, 2H, =9 Hz, H,,,.,.), 7.99 (d, 2H, J=9 Hz,

Fere

Hp VIEHE

H, ., ene)s 8.00 (t, 1H, J=1.5 Hz, p-H of Ar), 8.00 (d, 2H, J=8
Hz,H,,.,.),8.05(d, 2H,1=8Hz,H,,,.,.), 8.17 (t, 1H, J=1.5
Hz, p-H of Ar), 8.27 (d, 2H, =9 Hz, H__,,,.), 8.40 (2, 2H,
J=1.5Hz, o-H of Ar), 8.61 (d, 2H, J=1.5 Hz, 0o-H of Ar), 9.07
(d, 2H, J=4.5 Hz, B-pyrrolic H,, ), 9.08 (s, 2H, p-pyrrolic
H,.,..), 9.36 (d, 2H, J=4.5 Hz, [-pyrrolic H,, ;). 9.37 (d.
2H, ]=8Hz,H,,,,.), 978 (s,2H, H _,,..)-

B C-NMR (5%-pyridine-d. inC.D,, 125 MHz): 30.2,31.9,
32.0, 114.0, 121.1, 121.4, 122.52, 122.54, 123.3, 123.34,
124.3,125.0,125.5,125.9,126.3,126.8,127.4,127.5, 128.6,
128.7, 128.8, 129.0, 129.7, 129.85, 129.9, 130.5, 130.80,
130.85, 131.8, 131.9, 132.9, 133.0, 133.7, 136.6, 138.5,
143.3,143.5, 147.4, 149.2, 149.5, 150.6, 150.8.

UV/VIS (CH,CL,) A, nm, (e): 811 (91461), 736 (26446),
657 (10865), 527 (145812). Emission (CH,CI,): A 829
nm; quantum vyield, 12.8%.

X2

Example 2

ZnQFTPP

ZnQFTPP
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5,15-bis-(1-pyrenyl)porphyrinato(2-)-k N*' ,kN** kN=~,
kN*Mzinc(1). To a stirred solution of 1-pyrenecarboxalde-
hyde (3.7 g, 15.92 mmol) and 1,1'-dipyrrolomethane (2.34 g,
15.92 mmol) in dichloromethane (2 L) under nitrogen atmo-
sphere trifluoroacetic acid was added (2 ml) and the reaction
mixture was stirred at ambient temperature in dark for 24
hours. After that DDQ (5.36 g) was added and stirring con-
tinued for additional 1 hour. The reaction mixture was
quenched with triethylamine (10 ml) and passed through filter
filled with silica gel washing with dichloromethane. All
purple fractions were collected, dichloromethane evaporated
and the residue passed through filter filled with alumina wash-
ing with dichloromethane. All purple fractions were col-
lected, dichloromethane was evaporated to volume 500 ml.
To this solution of the free-base bis-pyrenyl-porphyrin 30 ml
of saturated solution of zinc(Il) acetate was added and the
resulting mixture was stirred for 3 hours at ambient tempera-
ture. The reaction mixture was washed with water and dichlo-
romethane solution was passed through filter filled with silica
gel washing with dichloromethane. The residue after evapo-
ration of solvent was crystallized from dichloromethane-
methanol mixture to give 5,135-bis-(1-pyrenyl)porphyrinato
(2-)-kN=! kN2, kN2>, kN*Hzinc(II) (430 mg, 0.56 mmol,
7%).

10,20-bis-bromo-5,15-bis-(1-pyrenyl)porphyrinato(2-)-
KN=' kN=2, kN2 kN**)zinc(1I). NBS (194 mg, 1.09 mmol,
2.1 equiv.) was added to a stirred solution of the above 5,15-
bis-(1-pyrenyl)porphyrinato(2-)-k N ,kN=* kN*° kK N**)zinc
(II) (402 mg, 0.519 mmol) in dichloromethane (300 ml) and
pyridine (5 ml) at —10° C. (NaCl/ice bath) under nitrogen
atmosphere. The reaction mixture was stirred at the same
temperature for 10 minutes the was allowed to warm to 0° C.
in a water bath for 5 minutes and was quenched with acetone
(20 ml). The crude reaction mixture was passed through silica
gel column, eluting with dichloromethane-pyridine mixture
(100:1). All green-purple fractions were collected, solvents
were evaporated, the residue was dissolved 1 dichlo-
romethane-pyridine mixture (95:5, 100 ml) and 200 ml of
methanol was added to precipitate brominated porphyrin. All
crystals were collected by filtration atter 30 min to give 10,20-
bis-bromo-5,15-bis-(1-pyrenyl)porphyrinato(2-)-kN="',
KN=?,kN=> , kN*"zinc(1I) (435 mg, 0.47 mmol, 90%).

"H-NMR (5% pyridine-d5 in CDCl,, 500 MHz): 6.93 (1,
2H, JI=8 Hz), 7.19 (d, 2H, J=10 Hz), 7.61 (d, 2H, J=10 Hz),
8.06-8.09 (m, 4H), 8.32-8.36 (in, 4H), 8.42 (d, 2H, J=8 Hz),
8.52 (d, 4H, J=4.5 Hz), 8.79 (d, 2H, J=8 Hz), 9.55 (d, 4H,
J=4.5 Hz).

5,10,15,20-tetrakis-(1-pyrenyl)porphyrinato(2-)-kN>",

KN=2,kN** kKN**)zinc(Il) ZnTPP. A mixture of the above
10,20-b1s-bromo-3,15-bis-(1-pyrenyl)porphyrinato(2-)-
KN kN2 kN> kN*Hzinc(1l) (400 mg, 0.429 mmol),
cesium carbonate (1.45 g, 10 equiv.), Pd(PPh,), (50 mg, 10
mol %) water (0.5 ml) and 1-pyrenylboronic acid (232 mg,
0.95 mmol, 2.2 equiv.) 1n toluene (150 ml) and pyridine (2 ml)
was degassed and reflux 1in nitrogen atmosphere for 12 hours.
The reaction mixture was cooled and passed consecutively
through pad of celite, silica gel and neutral alumina washing
with toluene. Toluene was distilled off 1n vacuum, the residue
was separated by crystallization from dichloromethane-
methanol to afford 5,10,15,20-tetrakis-(1-pyrenyl)porphyri-
nato(2-)-kN=' kN=*,kN=*° ,kN*"zinc(II) (260 mg, 0.221
mmol, 52%).

"H-NMR (5% pyridine-d5 in CDC1,, 500 MHz, mixture of
atropoisomers): 7.46-7.66 (m, 8H), 7.98-8.07 (m, 8H), 8.13-
8.19 (m, 4H), 8.23-8.33 (m, 8H), 8.44-8.48 (m, 8H), 8.76-
8.87 (m, 4H). MALDI TOF: 1172.6 (M™), requires 1172.29
tor CH, H,.N_7n.
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4,5,9,10,14,15,19,20-tetrakis-(1,10-pyrenyl)porphyrinato
(2-)-kN*),kN** kN*°,kN*Hzinc(1I) ZnQFTPP. The above
tetrakis-pyrenyl-porphyrin Zn'TPP*MeOH (48 mg, 0.0399

mmol) 1 a glass tube under mitrogen tlow was placed nto
oven preheated to 530° C. The oven temperature rose to S30°
C. 1n 1-2 minutes and after additional approx. 1 minute start-
ing material melted. Heating continued for approx. 2 minutes
until reaction mixture turned into dark color and the first
bubbles appeared. The tube was cooled to room temperature
under nitrogen. The crude mixture was dissolved in dichlo-

romethane (500 ml) with addition of pyrnidine (5 ml) and
passed through filter filled with silica gel washing with
dichloromethane and then pyridine to wash ZnQFTPP. Yield:
22 mg, 49%.

"H-NMR (dilute solution in 5%-pyridine-d. in C,D,, 75°
C., 600 MHz, signal assignment for possible regioisomers
could not be done, longer acquisition time required, signal
broadening due to aggregation): 7.63 (d, 4H, J=8 Hz), 7.74-
7.84 (m, 12H), 7.88-7.97 (m, 16H), 8.03 (d, 4H, J=9 Hz).

UV/VIS (5% pyridine in CH,Cl,) A, nm (€): 1003 (13954),
873 (43861), 813 (30458), 620 (73072), 576 (70842).

MALDI-TOF MS (without matrix): 1164.32 (M™),
requires 1164.22 for C, ,H, N_,7Zn. Peak of the molecular 1on

could not be obtained by using HRMS (ESI/APCI).
“H-NMR (5% pyridine-d. in C.D,, 125 MHz, weak sig-

nals): 124.0, 125.07, 125.10, 125.17, 126.10, 126.15, 126 .8,

127.4,127.5,128.9, 129.6, 129.9, 131.6.

Example 3

/nFB1P
\ D " q
N\ZH/N““ /
~ N\_ /' \_/ —
N\ A A

[10,20-B1s(3,5-di-tert-butylphenyl)-5,15-bis(3-benzothie-
nyl)porphyrinato(2-)-kN*", kN>, kN=>, kN**)zinc (1)
/nBTP. A mixture of the above [10,20-Bis(3,5-di-tert-bu-
tylphenyl)-5,15-bis-bromo-porphyrinato(2-)-kN**, kKN=2,
kN>, kN**)zinc(II) (3.4 g, 3.74 mmol), cesium carbonate (10
g 70 mmol, 8 equiv.), PA(PPh,), (440 mg, 10 mol %) water (3
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ml) and 3-benzothienylboronic acid (1.67 g, 9.38 mmol, 2.5

equiv.) 1n toluene (600 ml) and pyrnidine (6 ml) was degassed.,
and reflux in mitrogen atmosphere for 12 hours. The reaction
mixture was cooled and passed consecutively through pad of
celite, silica gel and neutral alumina washing with toluene.
Toluene was distilled off 1n vacuum, the residue was sepa-
rated by crystallization from dichloromethane-methanol to
afford [10,20-Bis(3,35-di-tert-butylphenyl)-5,135-b1s(3-ben-
zothienyl)porphyrinato(2-)-kN=', kN=*,kN=>,kN**zinc(II)
ZnBTP (3.03 g, 2.99 mmol, 80%).

"H-NMR (CDCl,, 400 MHz): 1.51 (s, 36H), 3.32 (dd, 2H,
I=1.6 Hz), 7.19-7.22 (m, 2H), 7.24 (s, 2H), 7.47 (t, 2H, J=7
Hz), 7.78 (t, 2H, J=1.5 Hz), 8.06-8.11 (m, 4H), 8.19 (d, 2H.,
J=7 Hz), 8.93 (dd, 4H, J=1, 4.5 Hz), 8.96 (dd, 4H, J=1.4.5
Hz).

PC-NMR (CDCl,, 75 MHz): 31.7, 35.0, 113.3, 120.8,
122.5, 122.6, 124.46, 124.54, 124.69, 124.7, 129.2, 129.3,
129.7, 129.8, 129.9, 131.5, 132.6, 138.45, 138.50, 141.6,
144.48, 144.49, 148.55, 148.57, 148.59, 150.6, 150.7.

UV/VIS (CH,CL,) A, nm, (€): 589 (4100), 550 (20886),
423 (498623).

MALDI TOF:
C.H. NS, Zn.

[10,20-b1s(3,5-di-tert-butylphenyl)-3,5-b1s(2,3-ben-
zothienyl)-15-(3-benzothienyl)porphyrinato(2-)-kN=',kN=2,
kN* kN**zinc(1l) ZnFBTP. The above porphyrin ZnBTP
(870 mg, 0.86 mmol) and anhydrous iron(11I) chloride (2.5 g,
15.4 mmol, 18 equiv.) were stirred in anhydrous dichlo-
romethane (500 ml) under nitrogen atmosphere at 20° C.
(water bath) for 2 hours. The reaction mixture was quenched
with pyridine (10 ml), washed with water and passed through
pad with silica gel eluting with dichloromethane. Solution of
zinc(II) acetate dihydrate (300 mg) 1n methanol (50 ml) was
added to the above solution and the mixture was stirred for 2
hours at room temperature. The reaction mixture was washed
with water and the residue after evaporation of dichlo-
romethane was subjected to column chromatography on

silica gel, eluting with mixture of hexanes and ethyl acetate
1000-3 to 1000-10 ratio. Yield 490 mg (0.48 mmol, 56%).

[10,20-bi1s(3,5-d1-tert-butylphenyl)-3,3-b1s(2,3-benzothie-
nyl)-15-(3-benzothienyl)porphyrinato(2-)-kN*', kN=* kN=",
kN-*)zinc(1) ZnFBTP.

"H-NMR (5% pyridine-d5 in CDCl,, 400 MHz): 1.48 and
1.51(s,36H),6.94(t, 1H,J=7.5Hz),7.10 (s, 1H), 7.18 (t, 1H,
I=7.5Hz),7.23 (td, 1H, J=1,7.5 Hz), 7.36 (d, 1H, J=7.5 Hz),
7.42 (t, 1H, J=7.5 Hz), 7.66 (t, 1H, J=1.5 Hz), 7.69 (t, 1H,
I=1.5Hz),7.75(t, 1H,J=1.5Hz),7.77 (t, 1H, J=1.5 Hz), 7.80
(t, 1H, J=1.5Hz),7.81 (t, 1H, J=1.5 Hz), 7.92 (s, 1H), 7.95 (d,
1H, J=4.5Hz), 8.00(d, 1H, J=4.5Hz),8.07 (d, 1H, J=4.5 Hz),
8.08 (d, 1H,J=8 Hz), 8.14 (d, 1H, J=7.5 Hz), 8.23 (d, 1H, J=8
Hz), 8.34 (d, 1H, J=4.5 Hz), 8.85 (d, 1H, J=4.5 Hz).

1012.77 (M™), requires 1012.36 {for

C-NMR (CDCl,, 75 MHz): 29.7, 31.7, 35.0, 115.7,
118.1, 120.9, 121.1, 121.13, 122.5, 122.9, 123.0, 123 .4,
124.0, 124.3, 124.5, 124.53, 125.5, 128.4, 128.7, 123.8,
128.9,129.1,129.3,129.5,131.0, 131.3,132.6, 134.1, 135.2,
137.2, 138.8,139.1, 140.7,142.8, 143.3, 145.4, 143.0, 148.7,
148.8, 149.0, 149.01, 149.6, 150.5, 151.2, 151.4, 153.8,
154.7, 167.7.

UV/VIS (CH,Cl,) A, nm, (€): 795 (1347), 682 (1560), 622
(5572), 570 sh (3800), 535 (14801), 498 (85163), 470
(54970), 405 (83963), 325 (28938). MALDI TOF: 1010.8
(M™), requires 1010.34 for C,H..N_,S,7n.
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Example 4

Cyano-Phenyl Porphyrin Dimer

cyano-phenyl porphyrin dimer

[10,20-Bi1s(3,5-di-tert-butylphenyl)-5(4-cyanophenyl)por- 35
phyrinato(2-) kN*' kN** KN,k N*"zinc(II). (A). NBS (484
mg, 2.72 mmol, 1 equiv.) was added to a stirred solution of
bi1s-(3,5-di-tert-butyl-phenyl)porphyrin (2.034 g, 2.72 mmol)
in dichloromethane (280 ml) and pyridine (3.3 ml) at -10° C.
(NaCl/ice bath) under mitrogen atmosphere. The reaction
mixture was stirred at the same temperature for 10 minutes
the was allowed to warm to 0° C. 1n a water bath for 5 minutes
and was quenched with acetone (20 ml). The crude reaction
mixture was passed through silica gel column, eluting with 45
dichloromethane-pyridine mixture (100:1). All green-purple
tractions were collected, solvents were evaporated, the resi-
due was dissolved in dichloromethane-pyridine mixture (93:
5, 100 ml) and 200 ml of methanol was added to precipitate
brominated porphyrins. All crystals were collected by filtra-
tion after 30 minutes to give a mixture of mono and dibromi-
nated porphyrins (2.39 g). This mixture was used for the next
step without turther separation.

(B). A mixture of the above mono and dibromoporphyrins 55
(1.68 g, approx. 2.03 mmol), cesium carbonate (4.8 g, 28
mmol), PA(PPh,), (250 mg, 0.22 mmol) and 4-cyanophenyl-
tetramethyldioxaborolane 1.0 g, 4.37 mmol, 2.16 equiv.) in
toluene (480 ml) was degassed, and refluxed 1n nitrogen
atmosphere for 12 hours. The reaction mixture was cooled 60
and passed consecutively through pad of celite, silica gel and
neutral alumina washing with toluene. Toluene was distilled
off in vacuum, the residue was separated by column chroma-
tography on silica gel eluting with mixture of hexanes and
cthyl acetate to afford [10,20-Bi1s(3,3-di-tert-butylphenyl)-5- 65
(4-cyanophenyl)porphyrinato(2-)-kN*!' kKN=* kN, kN=%)
zinc(1l) (0.74 g, 0.87 mmol, 43%).

40
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"H-NMR (CDCl,, 250 MHz): 1.56 (s, 36H), 7.83 (t, 2H,
J=1.5Hz), 8.04 (d, 2H, J=8 Hz), 8.11 (d, 4H, J=1.5 Hz), 8.36
(d, 2H, J=8 Hz), 8.85 (d, 2H, J=4.5 Hz), 9.08 (d, 2H, J=4.5
Hz), 9.15 (d, 2H, J=4.5 Hz), 9.43 (d, 2H, J=4.5 Hz), 9.99 (s,
1H).

fu-[15,15'-Bis(4-cyanophenyl)-10,10',20,20'-tetrakis(3,5-
di-tert-butylphenyl)-5,5'-biporphyrinato(4-)-k N*' kN2,
KN KN* kN kN> kN kN**] }dizinc(II). The above
[10,20-Bis(3,5-di-tert-butylphenyl)-5-(4-cyanophenyl )por-
phyrinato(2-)-kN*' kN=*,kN>>,kN**zinc(Il) (720 mg, 0.85
mmol), DDQ (962 mg, 4.24 mmol, 5 equiv.) and scandium
(I11) inflate (2.086 mg, 4.24 mmol, 5 equiv.) were dissolved 1n

toluene (500 ml) under nitrogen atmosphere and the mixture
was stirred at room temperature for 1 hour and heated at reflux
for additional 1 hour. After cooling to room temperature the
mixture was passed consecutively through pad with silica gel
(2 times) and pad with alumina (elution with dichlo-
romethane-pyridine mixture 100:1). Solvents were evapo-
rated 1n vacuum, the residue was dissolved in dichlo-
romethane-pyridine mixture (30 ml, 100:1). Fraction 1

contained singly connected porphyrin dimer. Yield 60 mg
(0.035 mmol, 8.3%).

'"H-NMR (CDCl,, 400 MHz): 1.44 (s, 72H), 7.71 (t, 4H,
J=1.5Hz), 8.08 (d, 8H, J=1.5 Hz), 8.12 (d, 4H, J=8 Hz), 8.44
(d, 4H, J=4.5 Hz), 8.72 (d, 4H, J=4.5 Hz), 8.91 (d, 4H, J=4.5
Hz), 9.06 (d, 4H, J=4.5 Hz).

C-NMR (CDCl,, 75 MHz): 29.7, 31.7, 35.0, 111.6,
118.7,119.2,119.9,120.9,122.6,123.7,129.6,130.4,131.1,

132.5,132.7,134.0,134.9, 141.4, 148.2, 148.6, 149.0, 150.3,
151.0, 154.9.
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Example 5

Pyrene Porphyrin Trimer
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[10,20-Bi1s(3,5-di-tert-butylphenyl)-5-(1-pyrenyl )porphy-
rinato(2-)-kN*',kN**,kN=>, kN*"zinc(II), '"H-NMR
(CDCl;, 400 MHz): 1.54 (s, 36H), 7.43 (d, 1H, J=9.3 Hz),
7.67 (d, 1H, J=9.3 Hz), 7.60 (s, 2H), 8.00-8.18 (m, 6H), 8.32

= R AN
\‘ ‘\/ P

0 )
/ N N

/
/

pyrene porphyrin trimer

[10,20-Bis(3,5-di-tert-butylphenyl)-5-(1-pyrenyl)porphyri-
nato(2-)-kN*' ,kN*2 kN=> kN**)zinc(II). (A). NBS (1.54 g,
8.7 mmol, 1.3 equiv.) was added to a stirred solution of
bis-(3,5-di-tert-butyl-phenyl) (5 g, 6.7 mmol) 1n dichlo-
romethane (300 ml) and pyridine (5 ml) at -10° C. (NaCl/1ice
bath) under nitrogen atmosphere. The reaction mixture was
stirred at the same temperature for 10 minutes, then was
allowed to warm to 0° C. 1n a water bath for 5 minutes and was
quenched with acetone (20 ml). The crude reaction mixture
was passed through silica gel column, eluting with dichlo-
romethane-pyridine mixture (100:1). All green-purple trac-
tions were collected, solvents were evaporated, the residue
was dissolved in dichloromethane-pyridine mixture (93:5,
100 ml) and 200 ml of methanol was added to precipitate
brominated porphyrins. All crystals were collected by filtra-
tion after 30 min to give a mixture of mono and dibrominated
porphyrins (ratio 2.3:1,4.9 g, approx. 85%). This mixture was
used for the next step without further separation.

(B). A mixture of the above mono and dibromoporphyrins
(ratio of mono- to di-bromoporphyrins 2.3:1, 4 g, approx. 4.7
mmol), cestum carbonate (7.8 g, 24 mmol, 5 equv.),
Pd(PPh3)4 (271 mg, 5 mol %) and 1-pyrenyl-tetramethyl-
dioxaborolane (2.32 g, 7.1 mmol) 1n toluene (700 ml) was
degassed and reflux in nitrogen atmosphere for 12 hours. The
reaction mixture was cooled and passed consecutively
through pad of celite, silica gel and neutral alumina washing,
with toluene. Toluene was distilled off 1n vacuum and the
residue was separated by {ractional crystallization from
dichloromethane-methanol and column chromatography on
silica gel eluting with mixture of hexanes and ethyl acetate to
afford [10,20-Bi1s(3,5-di-tert-butylphenyl)-5-(1-pyrenyl)por-
phyrinato(2-)-kN-" kN** kN** kN*Hzinc(Il) 2.76 g, 2.9
mmol, 62%) and [10,20-Bi1s(3,5-di-tert-butylphenyl)-3,15-
Bis(1-pyrenyl)porphyrinato(2-)-k N*' kN** kN=>,kN**)zinc
(II) (0.81 g, 0.71 mmol, 15%).
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(t,2H,J=7Hz),8.40 (d, 1H,J=9.1 Hz),8.31 (d, 1H, J=7.7 Hz),
8.63 (d, 2H, J=4.6 Hz), 8.82 (d, 1H, J=7.7 Hz), 8.95 (d, 2H,
J=4.6 Hz), 9.18 (d, 2H, J=4.5 Hz), 9.46 (d, 2H, J=4.5 Hz),
10.33 (s, 1H).

MALDITOF: 950 (M™), requires 948.41 tor C, ,H ., N,Zn.

[10,20-Bis(3,5-di-tert-butylphenyl)-5-(1-pyrenyl)-10-
bromoporphyrin. (A). NBS (48 mg, 0.268 mmol, 1 equiv.)
was added to a stirred solution of porphyrin VII (255 mg,
0.268 mmol) in dichloromethane (150 ml) and pyridine (2 ml)
at —10° C. (NaCl/ice bath) under nitrogen atmosphere. The
reaction mixture was stirred at the same temperature for 10
min the was allowed to warm to 0° C. 1n a water bath for 5
minutes and was quenched with acetone (20 ml). The crude
reaction mixture was passed, through silica gel column, elut-
ing with dichloromethane-pyridine mixture (100:1). All
green-purple fractions were collected, solvents were evapo-
rated, the residue was dissolved in dichloromethane-pyridine
mixture (95:5, 100 ml) and 200 ml of methanol was added to
precipitate brominated porphyrin. All crystals were collected
by filtration after 30 minutes to give 275 mg (quant) of [10,
20-Bis(3,5-di-tert-butylphenyl)-5-(1-pyrenyl)-10-bro-
moporphyrinato(2-)-kN*" ,kN=* kN*>,k N**)zinc(1]):
"H-NMR (CDCl,,400MHz): 1.48 and 1.49 (2, 36H), 7.54 (d,
1H, J=14 Hz), 7.74 (t, 2H, J=1.5 Hz), 7.98-8.03 (m, 6H),
8.23-8.28 (m, 2H), 8.34 (d, 1H, J=9 Hz), 8.42 (d, 2H, J=4.5
Hz),8.45 (s, 1H),8.75(d, 2H, J=4.5 Hz),8.76 (2, 1H, 1 8 Hz),
8.96 (d, 2H, J=4.5 Hz), 9.72 (d, 2H, J=4.5 Hz).

(B). To a stirring solution of the above bromo-pyrene sub-
stituted porphyrin in 100 ml of dichloromethane concentrated
aq. Hydrochloric acid (2 ml) was added and the reaction

mixture was vigorously stirred for 3 minutes. Alfter that reac-
tion mixture was quenched with pyrnidine (5 ml) and the

resulting solution was passed, t.

arough a filter with silica gel

cluting with dichloromethane. "

‘he residue after evaporation

of solvents 1n vacuum 1s pure free-base porphyrin.
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"H-NMR (CDCl,, 400 MHz): 1.55 and 1.56 (2, 36H), 7.40
(d, 1H, J=9 Hz), 7.63 (d, 1H, I=9 Hz), 7.75 (t, 2H, J=1.5 Hz),
7.97-8.03 (m, 6H), 8.22-8.26 (m, 1H), 8.31 (d, 1H, J=9 Hz),
8.40 (d, 2H, J=4.5 Hz), 8.42 (d, 1H, J=8 Hz), 8.69-8.71 (i,
3H), 8.92 (d, 2H, J=4.5 Hz), 9.66 (d, 2H, J=4.5 Hz).

[10,20-Bis(3,5-di-tert-butylphenyl)-5,135-b1s(4,4,3,5-tet-
ramethyl-[1,3,2]-dioxaborolanyl)porphyrinato(2-)-kN>",
KN=2,kN*> kKN**)zinc(II). (A). NBS (2.61 g, 14.7 mmol, 2.2
equiv.) was added to a stirred solution of porphyrinI (5 g, 6.7
mmol) 1n dichloromethane (500 ml) and pyridine (5 ml) at
—-10° C. (NaCl/ice bath) under nitrogen atmosphere. The
reaction mixture was stirred at the same temperature for 10
minutes, then was allowed to warm to 0° C. 1n a water bath for
5> minutes and was quenched with acetone (20 ml). The crude
reaction mixture was passed, through silica gel column, elut-
ing with dichloromethane-pyridine mixture (100:1). All
green-purple fractions were collected, solvents were evapo-
rated, the residue was dissolved 1n dichloromethane-pyridine
mixture (93:5, 100 ml) and 200 ml of methanol was added to
precipitate dibromoporphyrin. All crystals were collected by
filtration after 30 minutes to give [10,20-Bi1s(3,5-d1i-tert-bu-
tylphenyl)-5,15-bis-bromo-porphyrinato(2-)-kN>", kN>,
kN> ,kN*Hzinc(Il) (4.76 g, 5.23 mmol, 78%).

"H-NMR (5%-pyridine-d. in CDCl,, 400 MHz): 1.46 (s,
36H), 7.30 (t, 2H, J=1.5 Hz), 7.91 (d, 4H, J=1.5 Hz), 8.83 (d,
4H, J=4.5 Hz), 9.38 (d, 4H, J=4.5 Hz).

(B). A mixture of dibromoporphyrin (1.05 g, 1.15 mmol),
pinacoleborane (5 ml) Cl,—Pd(PPh,), (170 mg, 0.26 mmol)
triethylamine (3 ml) and pyridine (3 ml) 1n toluene (200 ml)
was degassed and reflux in nitrogen atmosphere for 1 hour.
The reaction mixture was cooled and quenched carefully with
water (10 ml drop wise). Toluene was distilled off 1n vacuum,
the residue was separated by column chromatography on
silica gel eluting with mixture of hexanes and ethyl acetate to
afford [10,20-Bis(3,5-di-tert-butylphenyl)-5,15-b1s(4.,4,3,5-
tetramethyl-[1,3,2]dioxaborolanyl)porphyrinato(2-)-kKN>",
kN=2,kN=> , kN**)zinc(II) (Fraction 3, 0.3 g).

"H-NMR (CDCl,, 400 MHz): 1.63 (s, 36H), 1.90 (s, 24H),
7.89 (t, 2H, J=1.5 Hz), 8.17 (d, 4H, J=1.51 Hz), 9.20 (d, 4H,
J=4.5 Hz), 9.99 (d, 4H, J=4.5 Hz).

{1,-[10,10"-Bis(1-pyrenyl)-5,5'5",15,15'15'-hexakis(3,5-
di-tert-butylphenyl)-tetracyclo-2,2"82"-terporphyrinato
(6-)-KN=' ,KN*?, KN=° kKN** kKN kN=2 kN> kN=* N2,
KN KN kN> kNP rizine(II)  pyrene  porphyrin
trimer. (A). A mixture of porphyrin VI (118 mg, 0.118 mmol),
porphyrin VIII (250 mg, 2.2 equiv.), Pd(PPh,), (27 mg, 0.26
mmol) and cesium carbonate (197 mg, 0.588 mmol) 1n tolu-

ene (20 ml) and DMF (10 ml) was degassed and heated to 90°

C. in nitrogen atmosphere for 20 hours. The reaction mixture
was cooled and washed with water (3x100 ml). Toluene was
distilled off 1n vacuum and the residue was subjected to GPC
column first (BioRad polystyrene-divinylbenzene copolymer
beads, toluene). The first fraction was collected and subjected
to column with silica gel eluting with hexanes-ethyl acetate
mixtures. The first fraction was collected and the residue after
evaporation of solvents was crystallized from dichlo-
romethane-methanol mixture to give 30 mg (0.012 mmol,
10%) of {u,-[10,10"-Bis(1-pyrenyl)-5,5',5",15,15'15"-
hexakis(3,5-di-tert-butylphenyl)-tetracyclo-2,2'.8'2" -terpor-

phyrinato(6-)-kN*",kN>*" kN> kN**"] } zinc(II).

"H-NMR (CDCl,, 400 MHz): -1.87 (s, 4H), 1.26 (s 36H),
1.38 (t, 18H, J=3 Hz), 1.44 (d, 36H, J=3 Hz), 1.54 (s, 36H),
7.61(d,2H,J=9Hz),7.63(t,2H,J=1.5Hz),7.70(t,4H, J=1.5
Hz), 7.79 (d, 2H, J=9 Hz), 8.10-8.15 (m, 14H), 8.20 (d, 4H,
I=4.5 Hz), 8.30 (t, 4H, J=4.5 Hz), 8.35-8.38 (m, 4H), 8.45 (d,
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2H, J=9 Hz), 8.58-8.60 (m, 6H), 8.70 (d, 4H, ]=4.5 Hz), 8.79
(t, 4H, J=4.5 Hz), 8.84 (d, 4H, J=4.5 Hz), 8.92 (d, 4H, J=4.5
Hz).

C-NMR (CDCl,, 75 MHz): 29.7, 31.7, 35.0, 105.0,
118.2,118.9,119.5,120.9,121.0,122.5,122.8,124.2,124.7,
125.3,125.6,126.3,127.4,127.7,127.8,128.0, 129.3,129.6,
129.8,130.9,131.5,131.8,132.4,132.6, 133.5, 134.0, 137 .3,
140.9, 141.5, 148.4, 148.7, 150.6, 153.8, 154.8.

UV/VIS (CH,Cl,) A, nm, (e): 243 (118450), 264 (60690),
275 (76840), 323 (58970), 338 (66590), 417 (264100), 475
(234730), 523 (74990), 562 (68250), 597 (29200), 705
(2000).

(B). To a solution of the above porphyrin trimer (20 mg) in

dichloromethane (100 ml) solution of zinc(Il) acetate (100
mg) 1n methanol (5 ml) was added and reaction mixture was
kept at room temperature for 12 hours. After that solvents
were removed 1n vacuum, the residue was passed through
filter with silica gel eluting with dichloromethane. The final
product was crystallized from dichloromethane-methanol
mixture to afford {u,;-[10,10"-Bis(1-pyrenyl)-5,5'5",15,
15'15"-hexakis(3,5-di-tert-butylphenyl)-tetracyclo-2,2'.8'2"-
terporphyrinato(6-)-kN*" kN kN> kN**:kxN*" kN>,
KN KNP N= T kN2 kN2 kN2 Mrizine(IT)  pyrene
porphyrin trimer.
"H-NMR (CDCl,, 400 MHz): 1.26 (s, 36H), 1.38 (t, 36H.,
J=3Hz),1.44 and 1.45 (s,36H), 7.58 (d,2H, J=9 Hz), 7.62 (1,
2H, J=1.5 Hz, 7.70 (t, 4H, J=1.5 Hz), 7.78 (d, 2H, J=9 Hz),
8.09-8.16 (m, 14H),8.25(d,2H,J=4.5Hz), 8.29(d, 2H, J=4.5
Hz), 8.31 (d, 4H, J=4.5 Hz), 8.35-8.38 (m, 4H), 8.46 (d, 2H,
J=9 Hz), 8.59 (d, 2H, J=9 Hz), 8.69 (d, 4H, J=4.5 Hz), 8.78-
8.81 (m, 4H), 8.81 (d, 4H, J=4.5 Hz), 8.94 (d, 2H, J=9 Hz),
8.96 (d, 4H, J=4.5 Hz).

“C-NMR (CDCl,, 75 MHz): 28.7, 30.6, 33.9,
118.8,119.2,119.8,121.7,122.4,123.0,123.2, 123.7,
124.4,125.2,126.5,126.7,126.9, 128.4, 128.5, 128.6,
130.4,130.8,131.0,131.1,131.3, 131.5, 132.5, 132.9,
140.5, 147.4, 147.5, 149.3, 149.5, 149.89, 149.93,
153.9.

Examples of photovoltaic (PV) devices: PV cells were
grown on ITO-coated glass substrates that were solvent
cleaned and treated 1n UV-ozone for 10 minutes immediately
prior to loading into high vacuum chamber (base pressure
1-3x107° Torr). The following organic materials were pur-
chased from commercial sources: C., (MTR Limited), 2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (Aldrich)
and were purified by sublimation prior to use. Metal cathode
material (Al) were used as received (Alfa Aesar). Materials
were sequentially grown by vacuum thermal evaporation at
the following rates: C,, (2 A/sec), BCP (2 A/sec), Al (3-5
A/sec). The cathode was evaporated through a shadow mask
with 1 mm diameter opemings. For solution processed donor,
the layers were spin coated for 40 sec. at 2000 rpm for a final
thickness of 100 A. Current-voltage (1-V) characteristics of
the PV cells were measured under simulated AM1.5G solar
illumination (Oriel Instruments) using a Keithley 2420 3A
Source Meter. Donor layer thicknesses and amount of addi-
tives were experimentally modified for highest power conver-
s10n efficiency.

The foregoing description and examples have been set
forth merely to 1llustrate the invention and are not intended to
be limiting. Fach of the disclosed, aspects and embodiments
ol the present disclosure may be considered individually or 1n
combination with other aspects, embodiments, and variations
of the mnvention. In addition, unless otherwise specified, none
of the steps of the methods of the present disclosure are
confined to any particular order of performance. Modifica-
tions of the disclosed embodiments incorporating the spirit

118.2,
124.2,
1298,
136.9,
153.8,
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and substance of the invention may occur to persons skilled 1n
the art and such modifications are within the scope of the

present invention.

We claim:

1. A compound comprising a non-activated porphyrin
tfused with one or more non-activated polycyclic aromatic
rings, said compound having a formula selected from the
group consisting of:

O -
R59 RSﬁ R5 5
R4
Rsg Rs7 Ry R, Rs
Rgi Ré> R] R2 R3 Rsy Rs»
Rego Rs3

Rsg Rs7 Rsg Rss
Rg R,
R7 Re Rs
% Res R R, R;  Rs; Rs)
R62 O . R53
) w . )
Rﬁﬂ RS 5s
Rsg Rsg R7 Rg R4 Rs7 R
Re> Rez R R, R,
R4

Rsg Rs7 Ry Re Rs Rsg Rss
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-continued

Ré] Reo

Rs; Rs3
R63 R64 Rl RZ R3 R5 1
Ry
s 9 e %™
R
Ré0 Rso Rsg Rs7
Rg R4
R? Rﬁ R5
Rs; Rs3
R64 R65 R] R2 R3 R5 1
s e
Re¢1 Rsg Rs;
R4
Roi Rso Ry Rg Rs



US 9,113,535 B2

39 4()
-continued -continued
Rg1  Rg Rs3 Rs4

Rgo Rs) R Rss

20

Rs; Rss
Rs Rsg

30 R73 R4 \ O Rsg
35 Q RR@ Rl
3

40 Rg7
Rs» Rss
RS | RSﬁ

R, Rs7 Rsg
Rs
50

60 Reg ‘
R4

65

M 1s any element selected from the group consisting of Mg,
Ca, Sr, Ba, Sc, Y, La, Ce, T1, Nb, Ta, Cr, Mo, W, Mn, Tc,
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Re, Fe, Ru, Os, Co, Rh, Ir, N1, Pd, Pt, Cu, Ag, Au, Zn, Cd,
Hg, Al, Ga, In, T1, S1, Ge, Sn, Pb, P, As, Sb, Bi1, Pr, Nd,
Sm, Fu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th, and U;

wherein R, R;-R., R,-R; and R;,-R,, are independently
selected from the group consisting of hydrogen, alkyl,
fluoroalkyl, hydroxyl, halo, mercapto group, amino,
cyano, alkenyl, alkynyl, and aryl,

wherein R, and R, are independently selected from the
group consisting of hydrogen, alkyl, fluoroalkyl,
hydroxyl, alkoxy, halo, mercapto group, amino, cyano,
alkenyl, alkynyl, 3,5-di-tert-butylphenyl, and aryl, and

wherein adjacent substituents R.,-R., optionally form
fused rings, wherein the fused rings are aromatic, unsat-
urated, or combinations of both aromatic and unsatur-
ated rings, including four, five, six, seven, eight, or nine-
membered rings, wherein the fused rings can include
one or more heteroatoms independently selected from
the group consisting o1 O, S, Se, Te, N, P, As, S1, Ge, and
B.

2. The compound of claim 1, having a formula selected

from the group consisting of:

Rl R2 R3 Rsq Rs
Rg
Re1 Ré2 \ .O Rz
Reo QO O R4,
R4
Rsg Rs7 Ry R Rs
Rﬁl RﬁZ R] RZ R3 RS] R52
Réo Q‘ .O Rs3
Rss Rs7 Rss R 55
Rs Ry
R Rg Rs
Rs3 Ry
Rs» ] l Rs;s
RSI RSﬁ R5j R53
R R
R73 R74 \ . Rsg
Ry, Q‘ O Réo,

Re2 Rg;
R3
R4
R Reg Res
R¢7 Rga
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-continued

R, Rs7 Rsg
R
R 73 R4 \ . Rsg
Ry Q‘ O Rgo, and
R7) Q Rea Rgi
Rj3
Ry
R0 Rego Re
Rg7 R4
Rgs  Rgs
Rs3 Rsy
R ! [ Rs;s
Rs Rsg
R, Rs7 Rsg
Rs
R73 R4 \ O Rsg
R3
R7g Reo . R, Ry
3
Re7 Rey

3. The compound of claim 1, wherein R, R;-R., R,-Rg,
and R<,-R,, are independently selected from the group con-
sisting of hydrogen, C,-C, < alkyl, fluoroalkyl, hydroxyl, halo,
mercapto group, amino, cyano, C,-C, . alkenyl, C,-C, . alky-
nyl, and aryl,

wherein R, and R, are independently selected from the
group consisting of hydrogen, C, -C, < alkyl, fluoroalkyl,
hydroxyl, alkoxy, halo, mercapto group, amino, cyano,
C,-C, alkenyl, C,-C, < alkynyl, 3,5-di-tert-butylphenyl,
and aryl.

4. The compound of claim 1, wherein R, R;-R., R,-R,
and R<,-R,, are independently selected from the group con-
sisting of hydrogen, C,-C, . alkyl, C,-C, . alkenyl, C,-C .
alkynyl, and aryl,

wherein R, and R, are independently selected from the

group consisting of hydrogen, C, -C, < alkyl, C,-C, < alk-
enyl, C,-C, < alkynyl, 3,5-di-tert-butylphenyl, and aryl.

5. The compound of claim 1, wherein the one or more
non-activated polycyclic aromatic rings are selected from the
group consisting of:
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-continued
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15 wherein the dot represents the point where the polycyclic
aromatic rings are connected to the mesa position of the

porphyrin.
6. The compound of claim 1, wherein, when present, each
one of R;,-Ry, 1s hydrogen.

wherein the wave-line represents the fusion position of the
polycyclic aromatic rings to the porphyrin; and

20
7. The compound of claim 1, wherein the compound 1s

)
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8. The compound of claim 1, wherein the porphyrin and at
50 least one of the polycyclic aromatic rings are fused 1n meso,
mode.

9. The compound of claim 1, wherein the porphyrin and at
and least one of the polycyclic aromatic rings are fused in ,meso,
3 mode.

/ ¢ \
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 9,113,535 B2 Page 1 of 1
APPLICATION NO. . 12/985439

DATED . August 18, 2015

INVENTOR(S) : Mark E. Thompson et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

IN THE SPECIFICATION

Column 10, Line 14, delete “effusing’™ and msert -- of fusing --.
Column 13, Line 50, delete “d/s-pyrenyl” and insert -- bis-pyrenyl --.
Column 16, Line 7, delete “effused” and insert -- of fused --.
Column 16, Line 34, delete “fission’ and insert -- fusion --.

Column 33, Line 42, delete “tractions” and insert -- fractions --.

Signed and Sealed this
Fifth Day of January, 2016

Tecbatle 7 Lo

Michelle K. Lee
Director of the United States Patent and Trademark Office
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